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The Three Forks Formation is an important hydrocarbon reservoir in the Williston Basin, 
North Dakota. High production rates associated with new drilling and completion techniques has 
created interest in this formation. Core data have increased an understanding of depositional 
environments, facies distribution, and other parameters that impact reservoir quality.  
Six cores were described in detail and additional 23 wells were evaluated to propose a 
depositional model for the Three Forks Formation.   
The upper Devonian Three Forks Formation was deposited on a shallow and extensive 
epeiric platform. During the late Devonian, an arid climate and sea level changes controlled 
deposition across a storm and tidal-dominated, evaporitic platform. Stacked cyclic patterns are 
evident in cores as well as logs, especially the gamma ray. 
The Three Forks Formation is a mud-dominated system composed of dolomitic 
siltstones, claystone, and mudstone. Dolomitic siltstones are tan-brown, while claystones and 
mudstones exhibit colors that range from gray-green to red. The reddish color is a product of 
erosion, weathering, and oxidation.  
Six facies were identified and described for the Three Forks Formation. Facies F and 
Facies E are in the lower part of the Three Forks Formation. These facies are bedded and 
massive dolomitic mudstone and dolomitic claystone with varying amounts of displacive 
anhydrite nodules and anhydritic laminations. The Lower Three Forks was deposited in arid 
environments. Evaporitic minerals and exposure and weathering features common in mudflats, 
salinas, and sabkhas are common. On the epeiric platform, The Lower Three Forks was 
deposited in a low energy zone that negatively impacted reservoir quality. 
Typical facies associations in the Middle Three Forks include Facies C and Facies A. 
Facies C is mud-supported breccias and Facies A is laminated dolomitic siltstone. The Middle 
Three Forks was deposited in proximal inner shelf environments. The Middle Three Forks marks 
a transition from sabkha to slightly deeper intertidal areas, with higher influence of storm and 
tidal processes.  
Upper Three Forks facies associations are Facies C, B, and A. These facies are 
laminated to massively bedded dolomite and interlaminated mudstone. The upper part of Three 
Forks has abundant dolomite and sparse to common clay (shale). The Upper Three Forks was 
deposited in distal inner shelf to proximal mid-shelf environments where higher depositional 
iv 
energies were common. This explains, in part, the low clay content, bigger dolomite crystals and 
detrital grain sizes, and enhanced reservoir quality in this interval. 
SML methodology (Stratigraphic Modified Lorentz Plots) was used to define reservoir 
quality. In North Dakota, a series of wells (14), with core data analysis available were plotted 
using this methodology to obtain slope trends for flow units. The slopes obtained in the 
productive intervals in the Upper Three Forks (slopes with angles of approximately 45 degrees) 
are also present in the Middle and Lower Three Forks. The SML methodology showed better 
reservoir quality in the Upper Three Forks than in the Middle and Lower Three Forks. 
Porosity-permeability and irreducible oil-irreducible water saturation plots were also 
constructed using available core data. These showed the best reservoir quality in the Upper 
Three Forks. 
Digenesis was also examined using thin section analyses from a well that cored the 
entire Three Forks interval (EOG Liberty 2-11H). The Lower Three Forks has significantly more 
calcite and anhydrite cementation, oxidation, and anhydrite. Collectively, these components 
have a negative effect on reservoir quality. In the Middle and the Upper part of Three Forks, 
dolomitization affects reservoir quality in a positive way, enhancing both porosity and 
permeability.  
Mineralogy also affects reservoir quality. An increase in calcite decreases reservoir 
quality while an increase in dolomite is associated with better reservoir quality and higher 
production in the Upper Three Forks. 
Three Forks production is influenced by thermal maturity of the Bakken Formation. The 
up-dip thermal boundary of the petroleum system ties directly to thermal maturity of the Lower 
Bakken Shale.  
In summary, the reservoir quality in Three Forks Formation depends on the interplay of 
factors such as depositional environment, mineralogical composition, diagenetic processes, and 
factors affecting petroleum generation and entrapment. These have a profound impact on 
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Recent Three Forks Formation exploration and production has increased core 
acquisition and core data analysis. According to the last 2013 USGS assessment, the 
undiscovered continuous (unconventional) oil resources in the Bakken and Three Forks 
Formation in Williston Basin Province is 7.4 billion barrels of oil and 6.7 trillion cubic feet of 
associated and dissolved natural gas. According to the assessment, the Three Forks Formation 
has an estimated mean of 3.73 billion barrels of oil. Large recoverable resources, coupled with 
technological advances in horizontal drilling and hydraulic fracture stimulation, represent an 
attractive exploration and exploitation opportunity.  
1.1 Study Area 
The research area is in the Williston Basin, North Dakota, USA. Figure 1.1 shows the 
study area and wells used in this study. The red wells have cores used in defining lithofacies, 
blue wells were utilized for reservoir quality characterization, and the green wells have wireline 
logs that were used for mapping and correlation.  
1.2 Research Goals and Objectives 
The goals of this research are the identification and characterization of the depositional 
environments of the Three Forks Formation, defining reservoir quality, and describing 
mechanisms involved in hydrocarbon entrapment in the Upper Three Forks. The definition of 
these parameters will contribute to understanding oil accumulations and possible parameters 
that control these accumulations. 
To accomplish these goals, three objectives were established: 
 Describe depositional environments of the Three Forks Formation in North Dakota 
with an emphasis on Upper Three Forks. 
 Determine reservoir quality by applying specialized core data analysis to describe 
relationships between facies and reservoir potential. 
 Describe possible entrapment mechanisms and diagenetic processes and their 
influences on reservoir variability, quality, and performance.  
1.3 Methods 
The main objectives of this research were accomplished using the following methods: 
1. Determine depositional facies associations, geometry and continuity in Williston 
Basin, North Dakota, with a special emphasis on Upper Three Forks.  
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a. Describe six cores in Burke, Williams, McKenzie, Dunn and Mountrail Counties, 
ND.   
b. These core descriptions were used to identify vertical and lateral facies 
assemblages.  
c. From cores and thin sections, describe lithology and texture of the Three Forks 
Formation (lithology, grain sizes, mineralogical composition, and sedimentary 
structures) to support paleo-environmental interpretations. 
d. Using core data, correlate well logs for Three Forks facies. Structure contour and 
isopach maps and stratigraphic and structural cross sections were constructed to 
support a depositional model.  
Raster logs are available from the North Dakota Industrial Commission (NDIC) website. 
Cores were described at Triple O Slabbing Laboratories in Denver, Colorado. Permission to 
describe these cores in Denver was obtained from EOG, Newfield, and Samson oil companies. 
Where needed, other core descriptions were completed using digital images from the North 
Dakota Industrial Commission (NDIC) website. 
2. Determine reservoir quality by applying specialized core data analysis to describe 
relationships between facies and reservoir potential 
a. Flow units were defined and related to facies. 
b. Determine reservoir quality from core analysis data and define rock properties 
relationships from core measurements (porosity and permeability crossplots). 
c. Plot oil and water saturations in order to define the production potential for Upper 
Three Forks facies.  
For method 2, core data were obtained from the North Dakota Industrial Commission 
(NDIC) website and was plotted in Excel in order to generate the SML Plots, So, Sw, and 
porosity and permeability cross plots. 
3. Describe possible entrapment mechanisms and diagenetic processes and their 
influences on reservoir variability, quality, and performance. 
a. Mineralogy, diagenetic factors, and thermal maturity were linked to depositional 
environments. 
This method employed various maps for comparison with oil-water ratio maps. Chevron 
provided mineralogical analysis for 20 wells, including both the Bakken and Three Forks 





Figure 1.1. Location Map of study area. The study focused on North Dakota. The red wells have 
cores used in identifying lithofacies, blue wells were utilized for reservoir quality 
characterization, and the green wells have wireline logs that were used for mapping and 





2.1 Regional Setting and Structure 
The Williston Basin is an intracratonic basin that extends across the United States and 
Canada, and covers an approximate area of 300,000 square miles. The United States portion 
includes the states of Montana, North Dakota, and South Dakota (Figure 2.1).  
 
Figure 2.1. Location of the Williston Basin. 
 
The Precambrian basement in the Williston Basin is comprised of the Superior and the 
Wyoming Cratons and the Trans-Hudson Orogenic Belt, a major suture zone between the two 
cratons (Figure 2.2). The Trans-Hudson Orogenic Belt developed about 1.8-1.9 billion years 
ago, and this weak zone became part of the Williston Basin (Gibson, 1995).  
According to Lawrence et al. (2010), there are two main features that influenced 
deposition in the basin: the Trans Hudson Orogenic Belt and the northeast–southwest trending 
Proterozoic lineament. As stated previously, the Trans-Hudson Belt sutured the Archean 
Superior craton to the Archean Wyoming craton. The resulting collision produced a north–south 
trending strike-slip fault and shear belt. The ancient Williston Basin developed by later folding 
and rifting of the Trans-Hudson orogenic belt. Subsidence in this basin is the result of thermal 
Modified from USGS 
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convection currents that expanded the crust and created differences in thicknesses throughout 
the basin. This also affected rock density (Green et al., 1985).  
Paleo-structures, fault reactivations, and sea level fluctuations are factors that controlled 
sedimentary sequences in the basin. According to Heck (2002), data from the Lower Paleozoic 
to Precambrian is poor because of sparse well control. Few wells have penetrated the entire 
sedimentary sequence. Present understanding of the structural setting of the basin is based on 
information from sparse outcrops, seismic data, and limited well control. 
On a smaller scale, structural features in North Dakota are mainly anticlines such as the 
Nesson, Little Knife, and Billings Nose. Structural features have north, northeast, and northwest 
trends (Gerhard et al., 1987). 
 
 
Figure 2.2. The Williston Basin with major Precambrian elements that ultimately influenced 
Phanerozoic deposition. Modified from Green et al. (1985). 
 
The Nesson Anticline and the Cedar Creek Anticline are the two major structural 
features in the Williston Basin. The Nesson Anticline is in North Dakota and trends north-south. 
According to detailed mapping, the anticline has faults and linear elements that controlled 
stratigraphy and porosity distribution. 
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A major portion of the Cedar Creek Anticline is just west of the North Dakota state line. 
The anticline trends northwest-southeast, and is fault-bounded along its southwestern flank.  
It is inferred that the Sweetgrass Arch (not shown in the figure) provided structural 
control on sedimentation in the Williston Basin during the time of Three Forks Formation 
deposition (Sonnenberg, 2012, personal communication). This arch trends northeast-southwest 
from northern Montana into Canada. The arch possibly created a sill between marine 
environments in Alberta and Saskatchewan and broad tidal flats in the Montana and North 
Dakota portions of the Williston Basin (Sonnenberg, 2012, personal communication) (Figure 
2.3). 
 
Figure 2.3. Structural elements in the U. S. portion of the Williston Basin. Anticlines, faults, and 
lineaments are shown. From Lawrence et al. (2010). 
 
2.2 Stratigraphy 
The sedimentary record in the Williston basin began in the Cambrian and continued 
through the Quaternary period. In the central part of the basin, the stratigraphic section is 
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approximately 16,000 ft. thick. Sloss (1963) divided the section into six sequences which he 
named from oldest to youngest the Sauk, Tippecanoe, Kaskaskia, Absaroka, Zuni, and Tejas 
(Bally, 1989; Gerhard et al., 1990). These sequences are bounded by unconformities. 
Rocks of the Lower Kaskaskia sequence are the focus of this study. This sequence is 
separated from the Upper Kaskaskia sequence by an unconformity (Figure 2.4). 
 
 
Figure 2.4. Sloss Megasequences. Modified from Burgess, 2008. 
 
During deposition of the lower Kaskaskia sequence (Middle Devonian), the Williston 
Basin was tilted to the north and connected with the Elk Point Basin. With this configuration, 
Devonian sediments thicken from south to north (Gerhard et al., 1987). Subsequent deposition 
during Late Kaskaskia time thickened to the west into the Montana Trough (Gerhard et al., 
1990). 
The Three Forks Formation is the lowest reservoir in the Bakken Petroleum System 




Figure 2.5. The Three Forks Formation is a lower target in the Bakken Petroleum System. The 
lower Bakken Shale is the probable oil source. 
 
Bakken Shales are the most prolific source rocks in the Williston Basin with TOC values 
as high as 12 wt.%. Hydrocarbon generation for Bakken Shales is controlled by temperature.  
According to Meissner (1978), Bakken Shale maturity is reached at a temperature of 160°F. 
This is independent of burial depth. 
 Meissner (1978) created a model for upward and downward hydrocarbon migration in 
the surrounding stratigraphic section. Two components are responsible for the generation of the 
fractures in the Bakken Petroleum System. The first is fluid overpressuring associated with 
abundant hydrocarbon generation. The second is differential stress. Differential stress is the 
difference between total stress (external stress) and effective stress (internal stress). Depending 
on the lithology of the underlying and overlying formations, fracturing is more efficient. Along the 
east flank of the basin, the Lodgepole Formation has a lower fracture gradient and fractures 
extend upward into this formation. Along the west flank of the basin, the fractures preferentially 




Figure 2.6.  Schematic cross section from Meissner (1978) showing fractures, migration paths, 
and oil accumulation in the Bakken Petroleum system. 
 
2.3 Previous Work 
Peale (1893), introduced the term Three Forks Formation to describe a section in Logan, 
Montana. From base to top, the type of section is comprised of gray and green argillaceous 
dolomite, gray-green shale, and yellow-gray calcareous sandstone (North Dakota Geological 
Society, 1961; Dumonceaux, 1984). Meissner (1978) produced a very good description of 
Bakken stratigraphy, reservoir properties, geochemical aspects, and production mechanisms. 
Gerhard (1982, 1987, and 1990) compiled basin-wide analyses of the Williston Basin 
with brief descriptions of the Three Forks Formation. Dumonceaux (1984) wrote a research 
thesis focused mainly on facies definition and depositional environments of the Three Forks 
Formation in the North Dakota. In her work, she described four units deposited in arid 
supralittoral to sublittoral environments. 
In 2008, Berwick focused his work on the upper part of the Three Forks Formation. He 
described five lithofacies (A - E) ranging from supratidal to shallow marine. In his work, facies C, 
D and E are called the “Sanish Member.” He based facies descriptions and interpretations on 
cores, thin section analyses, and XRD data. Additionally, he employed sequences stratigraphy 
and described flooding and bounding surfaces within the formation and at top (Figure 2.7).  
In 2010, Gantyno created detailed lithofacies descriptions for the Three Forks Formation.  
He defined 11 supratidal to intertidal lithofacies and 5 facies associations (Figure 2.8). Berwick 
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and Hendricks (2011) proposed the name Grassy Butte Member for strata between the 
unconformity at the top of the Three Forks and the overlying Lower Bakken Shale. In this 
interpretation, Berwick’s Facies C and D were included in the Upper Three Forks Formation and 
not the Sanish interval (Figure 2.9). 
Bottjer et al. (2011) proposed the division of the Three Forks Formation into Lower, 
Middle, and Upper Three Forks. In his work, he focused on the upper portion of the Middle 
Three Forks and the Upper Three Forks Formation. Nicholas (2012) focused on the stratigraphy 
and regional geology of the Three Forks Formation in the southwestern Manitoba. Her work 
concentrated on depositional facies and their impact on reservoir quality in Sinclair Field, 
Manitoba. Sinclair Field has production from lower beds in the Three Forks Formation. Figure 





Figure 2.7. Three Forks facies from Berwick, 2008. In this interpretation, Facies C, D, and E are 
part of Sanish Member. Facies B corresponds to the Upper part of the Three Forks Formation. 
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Figure 2.9. Three Forks Formation nomenclature according to Berwick and Hendricks (2011). 
Facies C and D that were originally Sanish in Berwick’s 2008 work are now included in the 




Figure 2.10. Proposed nomenclature for the Three Forks Formation in North Dakota and 
Western Canada. For this research, nomenclature follows Bottjer (2011). Modified from Bottjer 





FACIES DEFINITION AND SEDIMENTARY ENVIRONMENT INTERPRETATION 
3.1 Introduction 
Six (6) cores were described for this study. The cores are located at the Triple O 
Slabbing Laboratory in Denver, Colorado. The core used to define Bakken and Three Forks 
facies is the EOG Liberty 2-11H (SESE Sec. 11, T151N, R91W). This core is 237 ft long and 
has a complete Three Forks section. The core included the contact with the underlying Bird 
Bear-Nisku Formation. After facies were identified and described, they were correlated to other 
cores. 
Thin section analyses, structural maps, isopach maps, and well log cross sections were 
used to develop a depositional model. Core and well log images were downloaded from the 
North Dakota Geological Survey website using the following link: https://www.dmr.nd.gov-
oilgas/. Cores used in the study and their locations are summarized in Table 3.1. 
 
Table 3.1. Cores described in this research for paleo-environmental analysis. 
Well Company Location 
Ft cored  
Three 
Forks 
Liberty 2-11H EOG RESOURCES, INC SESE 11-151-91 237 ft 
Jorgenson 1-15H NEWFIELD PRODUCTION COMPANY NWNW 15-148-96 45 ft 
Sergeant Major 1-21H NEWFIELD PRODUCTION COMPANY SESE 21-150-99 30 ft 
Sidonia 1-06H EOG RESOURCES, INC SESE 6-158-90 92 ft 
Round Prairie 1-17H EOG RESOURCES, INC NWNW 17-154-103 173 ft 
OAS 31-161-92h SAMSON RESOURCES COMPANY LOT 1 31-161-92 42 ft 
 
3.2 Methods 
Direct observations were conducted on the six aforementioned cores to detail lithology 
and sedimentary structures. Additional cores were observed using excellent quality images from 
the North Dakota Geological Survey web page. The focus of this research is the Upper Three 
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Forks interval, but Middle and Lower Three Forks lithofacies were also described to aid in 
understanding the entire Three Forks dispositional system. 
Petrographic thin sections from the EOG Liberty 2-11H well were analyzed to record 
lithology, grain size, and diagenetic processes. For regional understanding of the Three Forks 
reservoir, a series of cross sections and maps were generated using Petra software. 
Approximately 400 wells were used in this study. 
The Upper Devonian Three Forks Formation was divided into lower, middle, and upper 
members based on correlative silty dolomudstone beds that are also easily identified on wireline 
logs. These members are correlative to Three Forks beds in Western Canada (Christopher, 
1961) and in North Dakota (Nordeng and Lefever, 2009). Figure 3.1 summarizes Three Forks 
nomenclature used in industry and this study.    
The Three Forks Formation is a mud-dominated system comprised of silty dolomite, 
dolomitic siltstone and sandstone, claystone, mudstone, and anhydrite. Silty dolomites are tan 
and brown. Claystones and mudstones exhibit colors from gray-green to red. The reddish color 
is a product of iron oxidation. Cyclic deposition characterizes the Three Forks. This is evident in 
cores as well as logs, especially the gamma ray log. 
Interpretations of Three Forks depositional environments are controversial. Most workers 
agree on Lower Three Forks depositional environments, but there are numerous depositional 
interpretations for the middle and upper members. As part of this research, depositional 
interpretations by various authors were examined. Figure 3.2 summarizes these interpretations 
for the Three Forks Formation. 
3.3 Facies Definition 
A facies is a body of rock defined by association of sedimentary characteristics such as 
lithology, texture, composition, sedimentary structures, fossil content, and color (Reading, 1986; 
Tucker and Wright, 1990). The identification of facies in the Three Forks Formation was 
accomplished by a combination of core examinations and petrographic observations. Six facies 
were identified for the Three Forks Formation. Several facies, (e.g. A, C and D) were subdivided 
based on textural characteristics. 
Facies distribution and wireline log responses are shown in Figure 3.3. As previously 
mentioned, the well selected for initial facies identification is the EOG Liberty 2-11H. Appendix 1 
has detailed core descriptions for the six wells in this study. 





Figure 3.1. Correlation between this study on the left and industry nomenclature for the Three 
Forks Formation on the right.  
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Figure 3.2. Summary of depositional environments for the Three Forks Formation. Lower, 
middle, and upper facies are shown on the gamma log.  
 
3.3.1 Facies F. Dolomitic and Anhydritic Silty Claystone - Gray to Red, Massive to 
Faintly Laminated. 
Facies F is gray to red, massive and faintly laminated, dolomitic claystone and 
mudstone. This facies is massive (structureless) to faintly laminated and locally chaotic. 
Anhydrite nodules range from millimeter to centimeter in size, and are as large as 10 cm. Green 
reduction halos and disseminated pyrite are present. In terms of reservoir quality, this facies has 
rare to sparse intercrystalline porosity. Fractures are locally calcite-cemented. Facies F 




Figure 3.3. Facies examples for The Three Forks Formation. GR log is displayed to show facies response. Porosity and permeability 
data show reservoir quality. 
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3.3.2 Facies E.  Silty Claystone, Anhydrite, and Dolomite - Red to Gray, Thinly 
Laminated, and Brecciated.  
Facies E is red to gray, thinly laminated, dolomitic mudstone and claystone. Laminations 
vary from wavy to planar, and locally exhibit chaotic bedding because of in-situ brecciation. This 
facies has interbedded laminated and brecciated beds. Anhydrite nodules range from millimeter 
to centimeter in size. Green reduction halos are common. Various size siltstone clasts and 
pyrite crystals are present. Mud cracks are present as evidence of subaerial exposure and 
desiccation. This facies has sparse intercrystalline porosity. Calcite and hematite cements 
reduced porosity in this facies. The thickness of Facies E  ranges from 2 to 5 ft, and this facies 
is commonly interbedded with Facies F. (Figures 3.6; 3.7) 
3.3.3 Facies D. Dolomitic Claystone and Mudstone – Green, Gray, and Red, Massive 
with Clasts. 
Facies D1 is gray to green, massive, dolomitic claystone and mudstone. This facies is 
massive (structureless) and locally chaotic. Subangular to subrounded floating dolomitic 
siltstone clasts are present. These clasts are monomictic to polimictic, normally and inversely 
graded, with no observed imbrication. The clast sizes range from millimeter to centimeter, and 
are located mainly in the central and lower portions of this facies. Pyrite is present particularly at 
top. No burrowing was observed in core or in thin sections. However, burrow structures were 
observed in this facies by Boettjer (2011). 
Intercrystalline porosity and fractures are present, but values are low in comparison with 
the upper Three Forks intervals. In some areas, this facies is a potential baffle for the 
hydrocarbon migration from the upper Three Forks. Thickness ranges from 2 to 20 ft, and this 
facies is closely associated with facies C and D2 (Figures 3.8; 3.9). 
Facies D2 is deep red, massive, dolomitic claystone and mudstone. Like Facies D1, this 
facies is massive and locally chaotic. Laminated and dolomitic siltstone clasts that are 
subangular to angular and several millimeter in length are encased in mudstone matrix. 
Reduction haloes are common, and anhydrite nodules of several millimeters are present. 
In terms of reservoir quality, this facies is a possible barrier. Intercrystalline porosity is 
rare and fractures are sparse. Calcite and hematite are the dominant cements. Thickness 
ranges from 2 to 15 feet, and this facies is interbedded with Facies F, D1 and C. (Figure 3.10; 
3.11) 
3.3.4 Facies C. Brecciated Silty Dolomite 
Facies C is gray, green, and red, clast-supported, brecciated silty dolomite and mud-
supported brecciated dolomitic mudstone. This facies is chaotically bedded. 
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When mud-supported (C1), the dolomitic mudstone matrix is green and light gray. 
Intercrystalline porosity and fractures are less common in this facies than the clast-supported 
facies. In general, the clasts are polimictic, subangular to angular in shape, composed of 
dolomitic siltstones that are normal and inversely graded. Contacts with overlying beds are 
gradational (Figures 3.12; 3.13). 
When clast supported (C2), the clasts range from millimeter to centimeter in size, and in 
general are subrounded. Overall, these clasts are monomictic and, in some cases, attached to 
the host stratum. Mudstone is uncommon, but where present, it is comprised of light gray to 
green claystone and mudstone that resembles the composition of underlying Facies D. 
Intercrystalline and fracture porosity are present. Soft sediment deformation is also present. 
Thickness ranges from 2 to 10 feet, and Facies C2 is commonly interbedded with facies D and 
B. (Figures 3.14; 3.15) 
3.3.5 Facies B. Dolomite – Light Brown, Silty and Sandy  
Facies B is light brown, massive, silty and sandy dolomite. This facies is massive to 
cross laminated. Dolomite is abundant, mudstone is rare, and there is no oxidation. 
Intercrystalline, moldic, vuggy, and fracture porosity is present. Facies thickness ranges from 2 
to 10 ft. Facies B is commonly interbedded with Facies C and A. (Figures 3.16; 3.17) 
3.3.6 Facies A. Silty Dolomite - Thinly Laminated to Thickly Bedded  
Facies A is subdivided into Facies A1 and A2.  Facies A1 is thinly interlaminated gray-
green dolomitic and silty shale and silty dolomite. Facies A2 is thickly bedded dolomitic and 
shaly siltstone and interbedded silty dolomite.  
In both facies, laminations and beds are light brown (silty dolomite) and gray-green 
(dolomitic shale).  Dolomites are parallel to wavy laminated. Where thinly laminated (A1), mud 
cracks and other desiccation features are common (micro-karst structures). Possible microbial 
activity produced crinkle laminations in this facies (Figures 3.18; 3.19). 
Facies A2, is characterized by centimeter thick beds. Silty dolomites are interbedded with 
dolomitic mudstones. Common structures are planar laminations, ripple cross stratification,  
scour surfaces, rip-up clasts, ripples, reactivation surfaces, and possible burrows. In this facies, 
evidence of subaerial exposure is rare compared to Facies A1. Intercrystalline, vuggy, moldic, 
and fracture porosity is common within silty dolomite beds and laminations. Facies A2 thickness 
ranges from 2 to 15 ft, and this facies is commonly interbedded with facies B and C. (Figure 
3.20; Figure 3.21). Figure 3.22 summarize typical sedimentary structures for thinly laminated 




Figure 3.4. Facies F. Massive red to gray silty claystone and anhydrite. Liberty 2-11H well. 9871 





Figure 3.5. From top to bottom: Thin sections for facies F. Depth: 9894 ft. and depth: 9927 ft. 




Figure 3.6. Facies E. Red to gray, laminated silty claystone and anhydrite. Liberty 2-11H well. 




Figure 3.7. From top to bottom: Thin sections for facies E. Depth: 9825 ft. and 9822 ft. Liberty 2-




Figure 3.8. Facies D1. Green to gray massive dolomitic claystone and mudstone. Liberty 2-11H 





Figure 3.9. From top to bottom: Thin sections for facies D1. Depth: 9738 ft. and 9744 ft. Liberty 




Figure 3.10. Facies D2. Red massive dolomitic claystone and mudstone. Liberty 2-11H well. 




Figure 3.11. From top to bottom: Thin sections for facies D2 Depth: 9804 ft. and 9807 ft. Liberty 





Figure 3.12. Facies C1. mud-supported brecciated dolomitic mudstone. Liberty 2-11H well. 9793 




Figure 3.13. From top to bottom: Thin sections for facies C1. Depth: 9753.7 ft. and 9792.5 ft. 
Liberty 2-11H well.   
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Figure 3.14. Facies C2. Clast-supported brecciated silty dolomite and mudstone. Liberty 2-11H 




Figure 3.15. From top to bottom: Thin sections for facies C1. Depth: 9732.7 ft. and 9735.5 ft. 






Figure 3.16. Facies B. Massive silty dolomite to sandy dolomite. Sidonia 6-11H well. 8807 ft. 




Figure 3.17. From top to bottom: Thin sections for facies B. Depth: 9729 ft. plane light and 
crossed nicols view respectively. Liberty 2-11H well. Note the presence of intercrystalline and 
secondary porosity in upper image (blue epoxy). 
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Figure 3.18. Facies A1. Thin laminated dolomitic silty shale interbedded with silty dolomite. 




Figure 3.19. From top to bottom: Thin sections for facies A1. Depth: 9717.5 ft. and 9720.7 ft. 




Figure 3.20. Facies A2. Thick bedded dolomitic shaley siltstone interbedded with silty dolomite . 




Figure 3.21.  From top to bottom: Thin sections for facies A2. Depth: 9717 ft. and 9705 ft. Liberty 




Figure 3.22 Typical sedimentary structures present in Facies A. Thinly laminated and crinkle 




Figure 3.23. Summary of Three Forks Formation Facies. Facies were identified and described 
from the EOG Liberty 2-11H core. This well is in the central part of the basin where the Three 
Forks was inferred to have a complete section.  
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3.3.6.1 Subaerial Exposure Features 
Facies A1 has common subaerial exposure and desiccation structures.  Variations in 
rates of deposition, relative sea level, dissolution of evaporites, or precipitation could have 
produced these structures. Brecciation and erosional surface are probably associated with 
exposure and periods of dissolution. Irregular karst-like surfaces, present in some cores, could 
indicate changing climatic conditions. 
Figure 3.23 summarizes Three Forks Formation facies. Facies images and descriptions 
are included in this figure. 
3.4 Facies Association 
Typical facies associations for the Three Forks Formation are shown in Figure 3.24. 
These facies associations were based on a core located in the central part of the basin. It is 
inferred that this area was near the center of the Three Forks depositional basin. The facies 
vary from the center of the basin toward the flanks because of thinning, erosion of the upper 
portions of the Three Forks, and possible Prairie Salt (Devonian) dissolution.  
3.4.1 Lower Three Forks 
Association 1 
In this association, alternating beds of Facies F and E are typical. This facies association 
has anhydrite nodules or thin anhydrite interbeds.  Oxidation is common. Contacts between 
facies are generally sharp and in some cases gradational. 
Association 2 
In this association, Facies E and D2 are commonly interbedded. The anhydrite content 
diminishes compared to Association 1. In-situ brecciation is also common. Oxidation and calcite 
cement are present in this association. 
3.4.2 Middle Three Forks 
Association 3 
In this association, Facies A, C and D1 are interbedded. Anhydrite is absent in this 
association. The development of mud-supported breccia is very common, especially at the base 
of this association. Thinly laminated to thickly bedded intervals of Facies A are more common 
and better developed in the upper portions of the Middle Three Forks. The contact with 
overlying Facies D and E is sharp and locally gradational. 
3.4.3 Upper Three Forks 
Association 4 
In this association, Facies C, B and A are interbedded. Facies C is located at the base of 
the Upper Three Forks and overlies Facies D. Facies 3 is brecciated, clast-supported, and 
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monomictic. Facies B is massive, and has the lowest gamma log API response in this 
association. Facies A is present in the Upper Three Forks and varies from thickly bedded at the 
base to thinly laminated at the top of the Upper Three Forks. 
 
 
Figure 3.24 Three Forks Facies Associations. 
 
3.5 Upper Three Forks Diagnostic Features 
From core descriptions, a summary table (Table 3.2) of sedimentary structures and other 
diagnostic features of the Upper Three Forks was generated to identify depositional 
environments. 
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Table 3.2. Summary of diagnostic features used to identify depositional environments in the Upper Part of the Three Forks 






3.6 Depositional Setting: The Epeiric Model 
Three Forks deposition was in an intracratonic basin on a very flat, shallow platform 
under epeiric marine conditions. This unique situation poses a challenge for interpretation. 
Ancient successions tend to be reduced to very simplified models considering just one major 
controlling factor, mostly sea-level change. The need for a dynamic model that combines 
evolution of facies through time, sea level changes, accommodation space, and climatic factors 
is critical.  In this shallow platform setting, facies distribution and reservoir quality are totally 
influenced by special hydraulic conditions, typical in many ancient platforms. Figure 3.25 
summarizes the various parameters of an Epeiric depositional model.  
 
Figure 3.25. The Epeiric Model. Features like slopes, energy zonation and lateral extent are 
important controls on facies distribution and reservoir quality. Modified from Aigner et al. (2008). 
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3.6.1 The Epeiric Sea 
“The present is the key of the past” may be a misleading statement when considering 
epeiric sedimentation” (Irwing, 1965). Epeiric environments were common during the 
Precambrian, Paleozoic, Triassic, and Cretaceous (Reading, 1996). There are no modern 
epeiric analogs that can be used to compare sedimentary processes and end members (Irwing, 
1965; Flügel, 2004; Nicholas, 2012). Despite this situation, some workers have agreed on using, 
on a smaller scale, some modern environments with similar characteristics (Schlager, 2005). 
Epeiric seas, according to Klein (1978), Shaw (1964), Gerhard (1982), (Flügel, 2004), 
and others are characterized by the following: 
 Epeiric seas are shallow (>10 meters maximum depths). 
 Hundreds to thousands of kilometers in area.  
 Developed in relative stable cratonic interior or wide flooded continental shelves. 
 Not necessarily restricted, could possibly be connected with open sea. 
 Storm and winds influence the circulation and sedimentation patterns. 
 Fetches that create storm surge (which leads to coastal erosion and flooding) could 
cause the water to accumulate in some places and be absent in others. 
 These very shallow, low energy seas first flooded the margins of the basins and then the 
internal parts of stable cratons. 
 Laminations are caused by tidal activity. 
 Platform evaporites commonly developed.  
 Near absence of organisms and highly restricted flora and fauna are products of 
depositional and diagenetic processes like storms, grain degradation, dolomitization, and 
high environmental stress (Pratt and Holmen, 2008). 
3.6.2 The Epeiric Platform 
Shaw (1964) proposed the term epeiric platform for a very wide, flat cratonic platform 
that was covered by shallow seas, and dominated by low energy, shallow subtidal to intertidal 
facies (tidal-flat cycles). Because of unusual hydraulic conditions that are present, several 
schemes have been proposed to classify shelves. The most widely accepted model was 
proposed by Irwin (1965) who suggested deposition in clear water conditions, with extremely 
low slope angles and changes in salinity. Irwin proposed three sedimentation zones for an 
epeiric sea. Zone X is characterized by low energy and located below wave base.  Zone Y is 
relatively narrow with higher energy produced by waves and tides. Zone Z is an extremely 
shallow, low energy zone that extends landward. Zone Z is located in the inner platform with 
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sabkha to intertidal flats. Water circulation is produced by storm-generated waves (Flügel, 2004) 
(Figure 3.26).  
Gerhard (1982) proposed a predominantly shallow marine environment with subtidal and 
intertidal facies developed at the basin center and sabkha deposits present along the basin 
margins. 
The same concept proposed by Irwin (1965) in his epeiric platform model was later 
applied by Lukasik (2000) in his epeiric ramp model (Flügel, 2004).   
3.6.3 Facies Distribution in Epeiric Settings 
Varying hydraulic energy creates energy zonation and extensive facies belts (Shaw, 
1964).  Variations in sea level produce dramatic shifts in facies distribution.  In the Gulf of 
Carpentaria in Australia depositional slopes of 0.01 degrees and a drop in sea level of 50 m 
shifted the shoreline and related facies by 230 km (Schlager, 2005).  
 
 
Figure 3.26. Hydraulic Energy zones proposed by Irwin (1965). Zone Y and Z are the zones 
proposed for the deposition of the Three Forks Formation. Modified from Irwin (1965). 
 
Pöppelreiter and Aigner (2003) reported that energy zonation of epeiric storm-dominated 
shelves contrasts with modern storm-dominated shelves that have steeper slope gradients. On 
the epeiric platforms, lateral facies successions reflect energy zonation with three zones similar 
to those proposed by Irwin (1965). The distal zone has characteristic sedimentological features 
such as maximum set-height of graded beds, most complete preservation of sedimentary 
structures, and preservation of bioturbated horizons that are several centimeters thick. These 
aspects confirm maximum accommodation potential close to the storm-wave base. 
Going from basin to land, the low-energy zone passes into a high-energy zone. This 
zone extends for several tens of kilometers and is tens of kilometers away from the shoreline. 
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This zone is composed of storm-reworked sediments, usually with coarser grain sizes. This 
high-energy zone passes landward gradually into a low-energy zone. This zone extends for tens 
of kilometers and forms the gentle transition from shallow marine to coastal-plain environments. 
The facies typically are fine grained, bioturbated, poorly sorted, and constitute low reservoir 
potential facies.  
The higher energy zone creates shoreface and beach complexes. Reservoir quality is 
generally better in these environments (Figure 3.27). 
 
 
Figure 3.27. Comparison between modern high slope shelf and ancient epeiric platform showing 
the differences between facies architecture, hydrodynamics, and energy zonation. Modified from 
Pöppelreiter and Aigner (2003). 
 
3.6.4 Layer Cake and Progradational Models for Epeiric Platform Deposition. 
Platform architecture and sedimentary patterns are important topics where epeiric 
deposits are studied. For epeiric seaways, two depositional models are proposed: the layer 
cake model and the progradational model. 
Each has important implications in correlation, modeling, and predicting reservoir 
targets. In this section, both models will be described and summarized for the Three Forks 
Formation. 
3.6.4.1 Layer Cake Model 
Some cratonic basins are characterized by minimal subsidence and very low 
accommodation space. Some workers have used a classic shoreface model to interpret ancient 
epeiric deposition. This has led to poor reservoir facies prediction (Borkhataria et al., 2006). 
One of the main characteristics in the facies distribution is the concept of progradation 
when an epeiric succession is present; the lack of depositional geometries hampers the 
identification of the typical systems tracts in order to identify geometric relationships, as is 
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characteristic for passive margins (Van Wagoner et al., 1988). For epeiric deposits, facies 
sheets extend hundreds to thousands of kilometers and are arranged in aggradational cycles 
called “layer cake” (Pöppelreiter and Aigner, 2003). This model explains extensive facies belts 
(low energy-to high energy-to low energy). Facies variations and thickness changes can be 
present, but these are minor compared to the lateral extent of deposition (Miall, 1984).  Figure 
3.28 shows the fundamental properties of epeiric cratonic basins and the effect in facies 
architectures.  
 
Based on a classification used for siliciclastic shelves, Burchette and Wright (1992) 
proposed a method of classifying carbonate platform deposition. Figure 3.29 shows varied 
sediment types on carbonate platforms.  
 
Figure 3.28. Main characteristic of intracratonic basins under epeiric seas conditions. Because 
the shelf has low relief, stratigraphic components are greatly impacted by minimal changes in 




Figure 3.29. Ternary plot for classification of carbonate shelves. The Three Forks Formation 
plots in the mudstone portion of this diagram. The formation was deposited in low energy 
environments with periodic storm surges. Modified from Burchette and Wright (1992).  
 
3.6.4.2 Progradational Model 
Platforms are very dynamic systems that change through time. Platforms development is 
controlled by aggradation and/or progradation (Flügel, 2004). 
In the progradational model, high frequency sea level changes are the controlling factors 
in facies development and distribution. Tides, marine restriction, topographic gradients, and 
sediment supply control the development of epeiric deposits (Schlager, 2005).  
In response to the rapid sea level changes and very low relief on the shelf, facies and 
facies assemblage are complex. Because there is less accommodation space, progradational 
rates are high compared with deposition on modern shelves (Schlager, 2005).  
The “layer cake” sedimentation model is opposed by several authors, who support the 
progradational model rather than the sheet-like sedimentation pattern in ancient epeiric 
platforms. Peterhänsel and Pratt (2005) worked on the giant Fammenian platform of western 
Canada. They hypothesized that sea level changes would create different facies architectures in 
this low angle platform and produce different facies assemblages than observed in layer cake 
sedimentation. With the use of microfacies, they were able to recognize migration of facies belts 
over time.  
Droste (2006) focused his research on the Cretaceous sequence in Oman. Development 
of epeiric platforms there is attributed to global sea level high stand.  Vast areas of the continent 
were flooded and a broad shallow shelf developed. This permitted significant progradation of 
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facies. The author argues against the validity of the layer cake model where broad facies belts 
and gradual facies occur. 
Tucker and Wright (1990) illustrated that with non-changing sea levels, in the traditional 
storm dominated epeiric platform, the dominant depositional process is progradation. This 
process operates mainly on the platform interior where progradation of the tidal flats is 
associated with shallowing upward sequences. 
Reading (1986) proposed that many ancient epeiric successions are low energy, shallow 
subtidal to intertidal deposits. According to this author, prograding shorelines on platforms are 
present over hundreds of kilometers. 
3.6.4.3 Summary 
For the Three Forks Formation, especially in the central part of the basin, the layer cake 
model explains the good lateral continuity of the facies and the lateral variation from low to high 
energy conditions. For this research the progradational model is not considered. 
3.6.5 Sediment transport and deposition: Influence of Tides, Storms, and Wind. 
Tidal influence in epeiric settings has been a matter of extensive discussion over time. 
Some authors denied the influence of tides due to the low relief and the dampening of those 
forces as soon they interact with the sea floor. This led to a storm dominated, tide-less model. 
Growing evidence supports the influence of tides in the geological record for ancient epeiric 
seas. Pratt and James (1992) and Willis and Gabel (2003) stated that tides would be damped 
only if there is sufficient sea floor rugosity. Klein and Ryder (1978) showed that tidal range 
increases with the width of the shelf to postulate that epeiric seas would have been subjected to 
tidal regimes. Based on a series of computational models, Mitchel (2011) demonstrated that 
epeiric seas had tides that were capable of affecting sediment transport.  
Tides control carbonate platforms because they regulate the volume of water and 
indirectly sediment deposition on tidal flats (Tucker and Wright, 1990).   
Storms processes and associated deposits were the main sedimentation processes in 
epeiric platforms (Burchette and Wright, 1992 and Tucker and Wright, 1990). Because of 
shallow depths, storm surges could cross an entire platform causing extensive flooding. One 
such example would be tidal flats deposits overlain by shallow subtidal facies. 
The frequency, direction, and magnitudes of storms are mainly controlled by climatic 
factors. Stratigraphic data confirm that many ancient platforms were storm dominated or storm 
influenced. In modern tropical and subtropical latitudes where carbonate deposition is common, 
high frequency storm events are the norm. Storms can also enhance dolomitization in tidal flat 
environments (Flügel, 2004). 
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In Greenland and Scotland, Fairchild and Hetherington (1989) described a low energy 
wave, micro-tidal, and storm-dominated shelf of Endian age. A transect across the shelf shows 
intraclast-rich mid-shelf deposits and inner shelf deposits comprised of stromatolitic dolomites, 
evaporitic lagoons, and sabkha deposits. Sediments are mud-dominated with restricted fauna. 
Peritidal sediments are commonly microbial laminates with evaporites. Table 3.3 summarizes 
the main sedimentary features present in the Three Forks Formation assuming storm-
dominated, tide-influenced environments. 
Wind carries and deposits sediments, especially during dry seasons.  There are two 
sources of wind transport. Sea winds create surges that transport small size particles of mud 
and other particles. These sediments are transported landward and onto the tidal flats. If the 
deflation process continues, wind could cause erosion until the next wet season prevents further 
erosion. 
Table 3.3. Storm-dominated and tide-influenced deposits in the Three Forks Formations.  
Modified from Burchette and Wright (1992). 
 
Wind also transports sediments derived from the land. This mechanism probably 
controlled deposition of siliciclastic material in the Three Forks Formation, especially at the base 
of cycles during arid conditions. 
3.6.6 Source 
Three Forks sediments range in size from clays to fine-grained sand. The source of 
detritus was from the craton, coastal sabkhas, and possibly from distal platform areas as 
suspended or bed load that was transported during storms. Tides dispersed and reworked 
sediments in intertidal environments.  
The formation of mud flats is favored by gentle offshore slopes and high concentrations 
of suspended fine-grained material. During low tides, evaporation causes substrates to harden 
(Einsele, 1992). Winds carry detritus that is deposited throughout the platform and concentrated 
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in intertidal and sabkha areas. Aeolian processes probably deposited silt sized siliciclastic 
material that is common in the Lower Three Forks. 
Gentle depositional gradients and very shallow water depths make intracratonic basins 
relatively isolated and evaporitic (Burchette and Wright, 1992). Fauna have low diversity 
because inner platform waters are either brackish or hypersaline (Einsele, 1992).  
Ancient epeiric platforms may not have had physical barriers that produced restriction of 
water flow. Expansive distances and shallow water may have sufficiently restricted seawater 
and allowed the development of evaporitic inner platform environments (Melvin, 1991). 
3.7 Interpretation of the Depositional Environment. 
The Three Forks Formation consists of storm-dominated and tide-influenced mixed 
siliciclastic and carbonate facies that were deposited in coastal-plain to distal-shelf 
environments.  
In the epeiric model, the Three Forks Formation can be subdivided into four facies belts: 
coastal Sabkha; proximal epeiric shelf with low to medium energy (zone Z of Irwin, 1965); 
intermediate epeiric shelf with high energy (zone Y of Irwin, 1965); and distal epeiric shelf with 
low energy (zone X of Irwin, 1965). 
3.7.1 Evaporitic Sabkha Facies: Lower Three Forks, Facies F and E.  
Warren (2006) proposed a classification for sabkha facies (Figure 3.30) based on the 
depositional setting of the matrix material. Sabkhas are coastal or continental areas where 
displacive and replacive evaporite minerals are interbedded or interlaminated with marine 
(carbonate) and continental (siliciclastic) matrix sediments (Warren, 2006).  
In the case of the Williston Basin, the marine coastal sabkhas were most likely present 
during the time of the Lower Three Forks deposition. Facies E and F both contain varying 
amounts of anhydrite. Anhydrite is present as nodules that displaced surrounding matrix 
(chicken-wire structures), and also is present as thin laminations or beds. The red color of mud-
dominated beds in these facies is oxidation from exposure and weathering under subaerial 
conditions.  
Anhydrite, although a diagenetic feature, could be used as a proxy for depositional 
environment determination (Abbeg, 1991). Nodular to mosaic anhydrite is commonly associated 
with sabkha environments. Other authors including Warren (1985) indicate that this association 
is not always accurate. Evaporite minerals may form when the rate of evaporation of a body of 
water is greater than the total water inflow. There are three critical factors controlling evaporite 





Figure 3.30. Sabkha classification using depositional setting of the matrix. In the case of the 




Figure 3.31. In red, proposed precipitation environment for anhydrite in Lower Three Forks 
Formation. Modified from Schreiber et al. (2000) 
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Table 3.4 shows diagnostic features used to differentiate anhydrites (gypsum) deposited 
in subaqueous and sabkha environments. 
 
Table 3.4 diagnostic features for anhydrites deposited in sabkha and subaqueous 




Evaporite units are supratidal, matrix 
dominated, usually <60% sulfate 
Evaporite units are subaqueous, relatively pure, 
often >70% sulfate 
Each evaporite (supratidal) depositional 
unit is thin, usually 1-2 m. 
Each evaporite (subaqueous) unit is thick, 1-20 
m 
Displacive and replacive nodular and 
enterolithic textures 
Bottom-nucleated evaporite crystal textures; 
often laminated, laminae can be laterally 
continuous, but do not extend across the whole 
basin 
Evaporite crystals are diagenetic 
Deposition can be mechanical; evaporites 
contain clastic textures; gypsolites, wave and 
current ripples, crossbeds, rip-up breccias, 
reverse and normal graded beds 
Associated with sabkha tepees, flat-
laminated and polygonal algal mats 
Associated with ground-water tepees, laminar 
algal mats, and domal subaqueous stromatolites
Facies units tend to be laterally extensive, 
parallel to shoreline; deposited as a 
"peritidal" trilogy. 
Facies often symmetric or asymmetric bull's-eye 
patterns; sometimes as vertical aggrading facies
Association with other shallow water 
facies 
Association with deep water facies 
Hydrology dominated by storm recharge 
and shallow brine reflux 
Hydrology dominated by evaporite drawdown 
and deeper brine reflux 
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According to Melvin (1991), subaerial (sabkha) evaporites are part of laterally 
prograding, shoaling-upward, peritidal cycles in which the supratidal unit is usually no more than 
1 m thick. Sabkha cycles are matrix and not evaporite dominated, with the bulk of the sulfate 
phase occurring as diagenetic nodules. These sulfates were formed during syndepositional 
diagenesis by replacement and displacement processes. The associated facies accumulate in 
belts that are parallel with the shoreline.  
The Lower Three Forks was deposited in sabkha environments where nodules displaced 
surrounding mudstone matrix. Anhydrite subsequently developed from the dehydration of 
gypsum precursors. Similar observations were made by Dumonceaux (1984).   
According to Nicholas (2012), the basal part of the Three Forks Formation is a transition 
from marine carbonate deposition of Nisku Formation to mixed clastic-carbonate deposition on a 
marine evaporitic platform. Extensive evaporitic mudflats developed with siliciclastic input and 
periodic flooding and desiccation.  
 
3.7.1.1 Facies F. Dolomitic and Anhydritic Silty Claystone - Gray to Red, Massive to 
Faintly Laminated. 
Facies F is located at the basal part of the Three Forks Formation. This facies has the 
smallest grain size ranging from claystone to mudstone. Depositional processes include periods 
of exposure and erosion.  
Environment: Facies F was deposited in a coastal sabkha. Arid climatic conditions and 
possible hypersaline water promoted evaporite precipitation in supratidal sediments. Coalescing 
and isolated nodules of displacive anhydrite (haloturbation) created disruption within the 
mudstone matrix (Figure 3.32) 
3.7.1.2 Facies E. Silty Claystone, Anhydrite, and Dolomite - Red to Gray, Thinly 
Laminated, and Brecciated. 
Facies E is closely associated with Facies F. Facies E has better developed bedding 
and less anhydrite. This may reflect a change in either location along the coast or in climatic 
conditions, or both. 
Environment: Facies E was deposited in a coastal sabkha with more humidity. This 
change in the climatic conditions can dissolve evaporites. Storm surges could produce flooding 
in the sabkha that would lead to gypsum dissolution. These storm events could also have 
created flow regimes that generated the planar and wavy bedding in this facies. The dissolution 




Figure 3.32. Facies F summary. Mineralogy is from XRD data, Liberty 2-11H well. Porosity and permeability averages are reservoir 
quality analysis from in this study.    
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3.7.2 Evaporitic Salina Facies: Lower Three Forks, Facies F and E.  
Salina evaporites are characterized by evaporite dominated sequences, and are 
primarily composed of bottom-nucleated crystals that may be deposited as massive, laminated, 
or rippled units. Coastal lakes or bays are dominated by laminated evaporites with lesser 
amounts of carbonate sediments. In map view, these bodies of water show a well-developed 
bulls-eye pattern with a sulfate center and a carbonate rim.  
Modern subaqueous Holocene evaporites are associated with shoaling-upward cycles 
as thick as 10 m. Relative to sea level or brine level, sabkhas tend to form over paleo-
topographic highs, while salinas tend to form in paleo-topographic lows. Characteristics that 
distinguish Holocene subaerial and subaqueous evaporite deposition can be used for ancient 
facies, even where gypsum has been converted to nodular anhydrite (Warren, 1985). 
Although not observed in the cores analyzed but reported by Gantyno (2010); 
Dumonceaux (1984), and others authors, there is also presence of massive anhydrite intervals, 
with a subaqueous origin called salinas.  
In the case of the Three Forks Formation, the coexistence of both sabkha and salina 
deposition probably occurred, more subaerially dominated in the case of the sabkhas and more 
subaqueous dominated in the case of salinas (Melvin, 1991). These two setting are not mutually 
exclusive, and either can grade laterally and vertically into the other (Warren, 1989). The Lower 
Three Forks is comprised of evaporitic mudflats with mosaics of salinas and sabkhas. Figure 
3.34 shows the environmental spectrum for ancient evaporites. 
 
Figure 3.34. Evaporitic deposits from different platform areas. In the case of the Three Forks 




Figure 3.33. Facies E summary. Mineralogy is from XRD data, Liberty 2-11H well. Porosity and permeability averages are reservoir 
quality analysis from in this study
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3.7.3 Proximal Epeiric Shelf with Low to Medium Energy: Facies C and A 
In this environment all the other facies pertaining to the Middle and Upper Three Forks 
are grouped. In general, these facies range from intertidal to subtidal environments of 
deposition. Unlike previous facies, the presence of anhydrite is low to almost nonexistent. If 
present, especially for Upper Three Forks, it is as result of secondary precipitation or reworking.  
Inner platform facies are the most common and widespread across the basin and 
include thin and thick laminated facies and breccia; as a characteristic feature. All facies are 
pervasively dolomitized and have abundant desiccation cracks, as evidence of subaerial 
exposure mainly in the thinly laminated facies. 
 Well-developed sedimentary structures are characteristic, such as ripples, cross-ripple 
lamination, climbing ripples, planar to wavy lamination and also brecciation that imprints a very 
chaotic appearance to the rock. 
Facies C and A represent a change in the depositional environment characterized by an 
increase in the sea level generating an inner platform zone and climatic conditions related with 
storms. 
This environment was characterized by a gradual lateral facies change; beds that exhibit 
subaerial exposure or flooding events can be traced for several kilometers. Vertically, this inner 
platform shows a “layer cake” architecture that is reflected on well logs by the uniform log 
character. 
3.7.3.1 Facies C. Brecciated and Silty Dolomite 
Facies C was divided into two types of breccia: mud-supported (C1) and clast supported 
(C2). Mud-supported breccia is common in the Middle Three Forks. It is also present in the lower 
and upper parts of the Three Forks Formation. Displacive growth and dissolution of anhydrite 
(gypsum) produced breccia in the lower part of the Three Forks Formation. Breccia in the 
Middle Three Forks is mud-supported, but there is no anhydrite present. It is inferred that   
evaporite minerals were initially precipitated and subsequently dissolved during flooding events. 
Mud-supported breccia has both monomictic and polimictic clasts, with polimictic clasts 
the most common. This variety of clasts indicates that more than one stratigraphic interval was 
involved (supratidal to tidal facies) and the matrix suggests a minor reworking prior to deposition 
(Elrick, 1995) (Figure 3.35). The following are the suggested steps in the formation of this kind 
of breccia. 
1 Relative sea level fall and exposure 
2 Downward infiltration of meteoric waters through fractures and desiccation cracks 
3 Precipitation and subsequent dissolution of evaporite minerals 
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4 Gravitational collapse of the undisturbed layers and accumulation 
5 Infiltration of clay-rich material  
6 Local reworking. 
Clast-supported breccia is also common at the base of the Upper Three Forks. Facies C 
overlies and locally intertongues with D facies at the base of the Upper Three Forks. This 
breccia developed in situ by fluid infiltration and fragmentation of the host rock. This is 
supported by the presence of monomictic clasts of silty dolomite that are identical to the host 
rock (similar to Facies B or Facies A (Figure 3.36).  
Environment:  Mud-supported breccia was deposited in proximal, lower energy, inner 
platform areas. Clast supported breccia was deposited in distal areas of the inner platform. 
3.7.3.2 Facies A. Silty Dolomite 
Facies A can be divided into two subfacies: Thinly-laminated (A1) and thickly-bedded 
silty dolomite (A2). Thinly-laminated facies have an abundance of parallel lamination that formed 
by mechanical sedimentation and not algal binding processes (crinkle lamination). In this facies, 
exposure features such as desiccation cracks are common.  
Thickly bedded facies are widespread in the basin, and are located in the upper part of 
inner platform cycles, grading from thick-bedded to thinly-laminated at the top. Tidal activity 
produced wavy to planar laminations and bedding. The coarser-crystalline laminations are 
pervasively dolomitized. 
Environment: In the depositional profile, Facies A is located in the low to medium 
energy, inner platform. For thinly-laminated facies, deposition was in low energy, proximal inner 
platform environments. Suspension and settling were primary processes with minor traction 
deposition during storm surges and high tides (Figure 3.37). Crinkle laminations produced by 
algal binding also developed in this part of the basin. 
The deposition of the thickly bedded facies occurred in higher energy, distal inner 
platform. More accommodation space produced thicker beds. There is less subaerial exposure  
in this facies compared to the laminated facies. This facies has no fauna, and the absence of 
bioturbation might be attributed with elevated salinities or higher stressed conditions during 
storm events (Figure 3.38). 
3.7.3.3 Tidal Indicators: 
Lamination and rippling were analyzed for composition, geometry, lateral extension, and 





Figure 3.35. Facies C1. Mud-supported Breccia summary. 
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Figure 3.37. Facies A1. Thinly laminated silty dolomite summary. 
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Figure 3.38. Facies A2. Thickly laminated to thickly bedded silty dolomite summary.
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3.7.4 Intermediate Epeiric Shelf, High Energy: Facies B 
This facies is present in the Y zone defined by Irwing (1965). This facies was deposited 
under higher energy as shown by sparse mudstone deposition and sedimentary features that 
were deposited in high energy environments including cross stratification, better sorting, and 
coarser grain size (silt and very fine to fine-grained sand). Facies B is common in the Upper 
Three Forks where it is pervasively dolomitized and one of the main reservoirs. 
3.7.4.1 Facies B. Dolomite – Light Brown, Silty and Sandy 
Facies B is present especially in the Upper Three Forks. This facies is structureless to 
cross laminated, pervasively dolomitized and one of the main reservoirs. 
Environment: Facies B was deposited in distal inner shelf to proximal mid shelf with 
moderate to high energy. Higher energy conditions were instrumental in developing good 
reservoir properties (Figure 3.39). 
3.7.5 Distal Epeiric Shelf, Low Energy Facies D.  
This facies is located in zone X according to the epeiric model, and is associated with 
extensive flooding in the basin. The wide lateral extent of this facies, small grain size of detritus, 
and absence of subaerial exposure confirm this interpretation. 
3.7.5.1 Facies D1. Gray to green, massive, dolomitic claystone and mudstone. 
Facies D1 is present at the top of the Middle Three Forks, and is continuous throughout 
the basin. This facies has a distinct high gamma ray response and is used as a wireline log 
marker. Facies D2 has a similar log response. Facies D1 correlated with Christopher’s Unit 5 
(1961).  
Environment: Facies D1 was deposited in low energy environments, in the distal mid-
shelf. The fine grain size and increase clay content support this interpretation. An increase in 
sea level and subsequent flooding across the shelf are associated with this facies. 
This facies also contains clasts at the base. The clasts are poorly sorted and range in 
size from millimeter to centimeter. The clasts are angular to subangular and resemble reworked 
tidal-flat substrates. These clasts were probably eroded and reworked during storms (Figure 
3.40). 
3.7.5.2 Facies D2. deep red, massive, dolomitic claystone and mudstone  
Facies D2 is at the top of the Lower Three Forks and was deposited over the oldest 
sabkha sediments during periods of flooding and exposure. Exposure produced widespread 
oxidation and destruction of many primary sedimentary structures (Figure 3.41).  This 












Figure 3.41. Facies D2 summary.
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3.7.5.3 Additional Criteria 
Dolostones with grain sizes less than 20 microns are concentrated mainly in tidal flat 
facies. “Ranges from 20 to 100 microns are dolomites located farther seaward from the tidal flat 
system”. (Lucia, 2007. p 231) 
 
3.8 Summary: 
Three Forks deposition was along a flat, shallow, extensive intracratonic basin, under 
epeiric marine conditions. This imprints unique hydraulic conditions within depositional 
environments. 
Lower Three Forks deposition was in arid sabkha environments. This setting imprinted 
distinctive features onto the facies that are very different from Middle and Upper Three Forks. In 
the Lower Three Forks the presence of anhydrite, calcite cement, hematite cement, and 
desiccation features indicate periodic wet and dry periods.  
This interval also has windblown siliciclastic detritus, produced mainly by windblown 
sources from inland. Anhydrite content decreases near the top of the interval indicating a 
change from an arid to a humid climate caused by either a rise in sea level or a change in 
climate, or both (Figure 3.42). 
At the top of Lower Three Forks, a rise in sea level and an associated flooding event 
caused deposition the lower clay-rich marker. This marker is present throughout the basin. This 
facies was deposited in low energy, distal mid-shelf environments area under low energy 
conditions that could explain the uniform fine-grained size, the homogeneous distribution in the 
basin, the lack of lamination and interbedding with other lithology. The marker is red because of 
oxidation (Nicholas, 2012).  
The Middle Three Forks has interlaminated dolomite, mudstone, and mud-supported 
brecciated intervals. This condition can be interpreted as a transition from sabkha to storm-
modified intertidal environments. The fine grain-size is associated with deposition in low energy 
environments that persisted across the epeiric platform.  
The thinly laminated facies was deposited in the proximal part of the inner platform, 
close to supratidal environments. This part of the shelf was prone to long periods of exposure.  
Prolonged exposure would allow some evaporite minerals to precipitate. These evaporites were 
subjected to dissolution producing the mud-supported breccia common in this interval. Evaporite 
dissolution would also explain the absence of these mineral in this portion of the Three Forks. 
Interlaminated siltstone and mudstone were intermittently subjected to periods of desiccation, 
and mud cracks are common. 
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Bedded facies were deposited in deeper water, lower inner-platform to shallow subtidal 
environments. High frequency changes in the water levels caused by the storm events or 
eustacy produced environments that allowed deposition of alternating siltstones and mudstones 
laminations and beds. Conversely to thinly laminated intervals; thick bedded facies do have 
subaerial exposure structures or features. 
At the top of Middle Three Forks, a representative flood event occurred, giving place to 
the deposition of the upper clay marker, which is a continuous mudstone marker (facies) 
present across the basin. This facies was deposited in low energy, distal mid-shelf 
environments. (Figure 3.43). 
Upper Three Forks is characterized by the presence of facies with higher dolomite 
content. The development of clast-supported and massive intervals is more characteristic in this 
unit. Although mud-supported breccia could be present, at the base of the Upper Three Forks, 
the development of clast-supported breccia are common. Breccias probably originated during 
storm surges and periods of desiccation that fragmented host sediments.  
Massive silty dolomites are also common in the upper part of the Three Forks Formation. 
These dolomites were deposited in proximal mid-platform environments. According to the 
epeiric model, this area is characterized by high energy and coarser grain size. Ripple 
laminations are common and associated with higher energy deposition. Higher energy 
deposition lead to the development of an expansive belt of high energy facies in the basin with 
better reservoir properties and hydrocarbon accumulations (Figure 3.44). 
From base to top, Three Forks deposition records an overall increase in sea level 
(deepening upward cycles) from arid environments and climates in the lower part of Three Forks 
to inner platform environments at top.  Flooding events are more frequent in middle and upper 




Figure 3.42. Depositional environment of Lower Three Forks. Deposition of the basal unit was in evaporitic sabkha environments.
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Figure 3.43. Depositional environment for Middle Three Forks. Deposition of the Middle Three Forks was in inner shelf environments.
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Figure 3.44. Depositional environment for Upper Three Forks. Deposition of the Upper Three Forks was in distal inner shelf to 




Figure 3.45. Summary of facies associations and depositional environments. 
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CHAPER 4 
RESERVOIR QUALITY ANALYSIS 
4.1 Introduction 
One of the most challenging aspects in all reservoirs is the definition of two important 
parameters that influence and control reservoir performance, porosity and permeability. This 
chapter will deal with these two properties using petrophysical analysis.  
In this study, reservoir quality analysis was conducted for 14 wells (Figure 4.1).  
 
 
Figure 4.1. Location map showing the 14 wells used for reservoir quality analysis in Upper 
Three Forks.  
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The analyses are divided into two parts. The first objective is routine core data analyses. 
Using core data, porosity and permeability plots were generated to understand relationships 
between porosity and permeability and upper Three Forks facies. Residual saturation plots for 
water and oil were created for all wells in order to see which facies contributed the most to the 
reservoir production. Using these plots, identification of potential baffles and barriers was 
completed. These results were combined with Stratigraphic Modified Lorentz Plots (SMLP) for 
flow unit identification and reservoir quality prediction.  
The second part of the analyses involves petrophysical data from 21 wells. These data 
were compared to porosity and permeability plots and SMLP plots.   
At the end, the key objective was to relate all the results with Three Forks facies and 
inferred depositional environment. This could aim towards the definition of new prospective 
areas and a better understanding of reservoir parameters for both exploration and exploitation.  
4.2 Stratigraphic Modified Lorentz Plots (SMLP) Methodology Based on Core Data 
SML Plots are a methodology defined by Gunter et al. (1997) for easy quantification of 
flow units taking into account the geological framework and relationships between petrophysical 
properties. It is a simple technique based on measurements of porosity and permeability. These 
parameters can be taken from cores or well logs. At the end, the result is a plot that relates the 
percentage of flow capacity to the percent storage capacity ordered in a stratigraphic sequence 
(Figure 4.2). 
In the research area, 14 SML plots were constructed (Table 4.1). Six (6) wells located in 
different areas were used to describe differences in the study area. (See appendix 2 for the total 
SML plots interpreted). 
 
4.2.1 Key Concepts: 
Flow Unit: According to Gunter et al. (1997), a flow unit is a stratigraphically continuous 
interval of similar reservoir process that honors the geological framework and maintains rock 
type characteristics. The result in the SML plot is a ratio of K/Φ in a foot by foot basis.  
Storage Capacity: is the product of porosity and thickness 
Flow Capacity: is the product of permeability and thickness 





Figure 4.2. Example of an SMLP plot. The advantage of this plot is that flow units are stratigraphically organized. Slope breaks are 
used as proxy criteria for reservoir potential. Modified from Gunter et al. 1997. 
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Table 4.1. List of wells with SMLP plots. Core porosity and permeability plots and oil-water 
saturations were constructed for these wells. 
 
4.2.2 Method:   
Similar to the methodology proposed by Gunter et al. (1997), a series of steps were 
followed in the construction and analysis of the SMLP plots. These procedures are: 
1 Identify facies for correlation with SMLP flow units (previously defined, chapter 3). 
2 Construct the SML plot on a foot by foot basis for storage and flow capacity 
determination. 
3 Correlate results in a stratigraphic flow profile that includes gamma ray curve, 
porosity, permeability, K/Φ ratio, percent storage capacity, and percent flow capacity. 
4 Interpret the significance of flow units and facies. 
4.2.3 Slope Trends Interpretation 
The SML flow units were interpreted using straight lines segments and were defined by 
inflection points. The results were interpreted based on the following definitions:  
Baffles: The units with angles below 45o are zones with a higher storage capacity and 
low flow potential. Used as proxy for low reservoir potential. 
Speed Zones: All those zones with angles higher than 45o are defined as zones with 
high potential to flow (injection candidates) and low storage capacity. 
Reservoir: Finally those units with angles roughly similar to 45o are zones with similar 
condition to storage and flow. (Pranter, 1999). This type of behavior is used as proxy for good 
reservoir potential.  
Well Name UWI/API Latitude Longitude Operator County
Wrigley‐ AV‐163‐94 33013014320000 48.98025 ‐102.93761 HESS CORPORATION Burke
Trigger 1‐31H 33023005570000 48.646515 ‐103.911973 NEWFIELD PRODUCTION Divide
Douts 4‐7H 33013014120000 48.617368 ‐102.752999 ST MARY LAND&EXP CO Burke
OAS 31‐161‐92H 33013013830000 48.733916 ‐102.676178 SAMSON RESOURCES CO Burke
Sidonia 1‐6H 33061008840000 48.533054 ‐102.344478 EOG RESOURCES INC Mountrail
Deadwood C.R.43‐28H 33061005810000 48.129081 ‐102.504987 Fidelity Mountrail
Braaflat 11‐11H 33061006410000 48.094889 ‐102.350796 Whiting Mountrail
Liberty 2‐11H 33061010270000 47.906569 ‐102.279808 EOG RESOURCES INC Mountrail
MHA 1‐18H‐150‐90 33055001140000 47.816005 ‐102.249932 QUESTAR EXPLOR&PROD McLean
Miller 34X‐9 33057000350000 47.386604 ‐102.15113 XTO ENERGY INC Mercer
Henry Bad Gun 9C‐4‐1 33025010300000 47.559361 ‐102.540778 SIMRAY GP LLC Dunn
Sakakawea Federal 13 33053028580000 48.115109 ‐102.868891 HEADINGTON OIL CO LP McKenzi
Charlotte 1‐22H 33053033580000 47.964578 ‐103.333939 CONTINENTAL Williams
Sikes State 44‐16H 3306101094 48.154154 ‐102.375804 Whiting Oil and Gas Mountrail
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4.2.4 Goal  
The main goal in using this methodology is to document whether there is a relationship 
between SML flow units, facies in cores, and log response for the upper part of the Three Forks 
Formation.  
In order to test the procedure and the accuracy of the response according to productivity 
in the wells, six were used to compare Upper Three Forks flow units trends. (Figure 4.3 and 
Figure 4.4).  
 
Figure 4.3. Oil-water ratio map. Green areas have high oil production from principally the Upper 




Figure 4.4. Cross Section showing the wells used for results display and comparison. In Black, gamma ray curve with a scale 0-250 
API units. In red, resistivity curve with a scale 0.1 – 100 ohm.
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4.2.5 SMLP Methodology Results Interpretation 
1. Well No 1. Trigger 1-31H 
The Trigger well is located in NENE Sec. 31-T160N-R102W, Divide County, and was 
completed on 10/09/2009.  This well cored the Bakken and Three Fork Formations. Only the 
Upper Part of Three Forks was cored, and 20 ft. recovered. As of February 2013, this well had 
cumulative oil production of 29,676 bbl for Three Forks Formation.  
The SML plot for this well, Figure 4.5, shows the presence of speed zones, baffles, and 
intervals with possible reservoir potential. 
 
 
Figure 4.5. SML plot for Trigger well. In this plot, only the facies from the Upper Three Forks 
were analyzed. 
 
The group of flow units identified as 1 in the plot correspond to Facies A and are in the 
Upper Three Forks. Angles of approximately 450  indicate that some zones have reservoir 
potential. Nearly flat slope angles indicate baffles. This alternance in the slopes behavior can be 
explained in the core by the alternance of silty dolomite intervals with intervals composed of 
claystone to mudstone that represent in some areas local baffles. 
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Number 2 on the plot, corresponds to facies B and C. Facies B in this well is less than a 
foot and the result in this case is not representative.  
Facies C, the brecciated interval, is mud supported. This explains the flat and the low 
reservoir quality for this facies. 
The upper clay marker in this well shows a steep character. According to the core 
analysis report, the samples show some fracturing and this can explain the high flow potential 
and low storage capacity. This interval is composed mainly by dolomitic claystones and 
mudstones and is an effective baffle for oil migration from the upper Three Forks to middle and 
lower Three Forks. Taking into account the previous facts, the response in the SML plot needs 
to be compared with porosity and permeability plots and oil-water saturation plots in order to 
confirm the accuracy of this interpretation. 
2.  Well No 2. Charlotte 1-22H 
Charlotte well is located in SWSE Sec. 22-T152N-R99W, McKenzie County, and was 
completed on 06/12/2011.  This well cored the Bakken and Three Fork Formations. The Three 
Forks was completely cored and 220 ft recovered. A near well, the Charlotte 2-22H, was 
completed in the same year and reported cumulative oil production of 87,180 bbl as of 
February, 2013. The Charlotte 2-22H has production from the Middle Three Forks Formation. 
The SML plot for this well, Figure 4.6 shows the presence of speed zones, baffles, and 
intervals with possible reservoir potential. For the Upper part of Three Forks, marked as number 
one, the overall trend of the slope is approximately 450.  This indicates good storage and flow 
capacity for all the facies that are present in Upper Three Forks.  
For the Middle Three Forks, marked as number two, the slopes show a speed zone 
located at the top that corresponds to the upper clay marker. Other facies exhibit flat behaviors 
showing low storage capacity in these intervals. The facies are Facies A, thinly laminated and 
tickly bedded silty dolomites, and Facies C, mud-supported breccia. 
The SML plot for this well, Figure 4.6 shows the presence of speed zones, baffles and 
intervals with possible reservoir potential.  
For the Lower Three Forks, slopes show baffles, speed zones, and intervals with 
reservoir quality. The intervals with storage and flow capacity are represented by angles 
approximately 450 located at the top and the base of the interval, and are marked with number 
three on the plot. Anhydrite and calcite cements are present in the lower Three Forks and this 
interval should have low reservoir potential, but according to the SML plot, possible reservoir 




Figure 4.6. SML plot for Charlotte 1-22H well. In this plot the total Three Forks Formation is 
interpreted. 
3. Well No 3. Sakakawea Federal  13X-35 
Sakakawea well is located in NWSW Sec. 35-T154N-R95W, McKenzie County, and was 
completed on 07/18/2008.  This well cored the Bakken and Three Fork Formations. The Upper 
Three Forks and part of Middle Three Forks were cored. In total, 65 ft was recovered. This well 
as of February 2013 had cumulative oil production of 212,716 bbl. This well was initially planned 
for Middle Bakken, but after mechanical problems was drilled in the Three Forks Formation. 
The SML plot for this well, Figure 4.7 shows the presence of speed zones, baffles and 
intervals with possible reservoir potential. For the upper part of Three Forks, marked as 
numbers one and two, the plot shows two very well defined trends. The first trend located at the 
top of the Upper Three Forks, exhibits angles of approximately 450. This indicates good storage 
and flow capacity. Facies A is common in this portion of the Three Forks. Alternating silty 
dolomite and mudstone lamination are also common, but the ratio of dolomite to mudstone 
laminations is 2:1. 
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The number two trend shows a flatten slope. This indicates diminished reservoir quality 
compared to the thickly and thinly laminated dolomite facies. This interval has Facies B and C. 
In this core, these facies are mud-rich. This explains the diminished reservoir quality. 
Number three trends correspond to the Middle Three Forks. Facies therein are 
laminated, bedded, and brecciated with significant increases in mudstone and claystone 
compared to the upper part of Three Forks. In this well, the clay marker facies has a trend with 
an angle higher than expected in baffles. This is followed by speed zones and low reservoir 
potential at the base (flat slopes). 
 




4. Well No 4. Braaflat 11-11H 
The Braaflat well is located in NENW Sec. 11-T153N-R91W, Mountrail County, and was 
completed on 05/23/2008.  This well cored the Bakken and Three Fork Formations. The Upper 
Three Forks was cored and 52 ft were recovered. A nearby well (0.3 miles), the Braaflat 21-
11TFH, completed in the same year reported a cumulative oil production as of February, 2013 
of 223,321 bbl from Three Forks Formation. The SML plot for this well (Figure 4.8) shows the 
presence of speed zones, baffles, and intervals with possible reservoir potential. 
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Figure 4.8. SML plot for Braaflat well. In this plot, the Upper Three Forks Formation was 
interpreted. 
 
In the Braaflat plot, the upper part of Three Forks includes numbers one and two. Trend 
number one corresponds to Facies A. In the plot Facies A exhibits three different slopes. A flat 
slope indicates low reservoir potential. A slope of approximately 450 degrees indicates good 
reservoir properties, and a slope greater than 450 shows speed zones with high flow potential, 
but low storage capacity (low reservoir potential).  
At the top of the core, Facies A is mud-rich compared with other wells in the area. 
Deeper in the core, Facies A is more dolomitic and intervals change from thinly laminated to 
thickly bedded. Likewise, dolomitic intervals are more common than mud-rich laminations. The 
thickly bedded intervals are fractured and micro-faulted. This is indicated by the high angle plot 
that corresponds to speed zones with high flow potential, but low storage capacity.  
The number two trend shows angles near 450.  This indicates good reservoir quality 
compared with the thickly bedded facies at the top. This interval is represented by Facies B and 
C. In this well, these facies are dolomite-rich. Also, the brecciated interval is clast supported. 
Together, this explains the increase in reservoir quality. 
The number three trends correspond to facies of Middle Three Forks, mainly laminated, 
bedded, and brecciated intervals. These facies have increased mud content compared with the 
upper part of Three Forks. In this well, the clay marker trend shows this layer as a speed zone. 
The deeper core facies do not show slope trends associated with good reservoir potential. 
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5. Well No 5. Liberty 2-11H 
Liberty well is located in SESE Sec. 11-T151N-R91W, Mountrail County, and was 
completed on 12/23/2009.  This well cored the Bakken and Three Fork Formations. The Three 
Forks Formation was completely cored and 242 ft recovered. A nearby well (1.5 km.), the 
Liberty 101-12H, was completed in 2010. As of February, 2013, it had produced 81,496 BO.  
The SML plot for this well, Figure 4.9 shows the presence of speed zones, baffles, and 
intervals with possible reservoir potential.  
 
Figure 4.9. SML plot for Liberty well. In this plot, the total Three Forks Formation is interpreted. 
 
For the Upper part of Three Forks, identified as number one, the plot shows a well-
defined trend. This trend exhibit has angles of approximately 450. This indicates good storage 
and flow capacity. In this core, the facies are dolomite rich for the interval. The basal part of the 
interval has massive Facies B and brecciated Facies C, but these facies few or no mudstone 
laminations. The brecciated interval is also clast supported. This differs from wells to the west 
where this facies is mud-rich. Collectively, these parameters explain the increase in reservoir 
quality.  
Number two on the plot correspond to trends of the Middle Three Forks. Facies in this 
interval show an increase in mudstone compared to the upper part of Three Forks. In this well 
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the clay marker trend exhibits a flat behavior, representing a baffle. Deeper in the core, facies 
show a slope trend that indicates good reservoir potential. This interval has rocks of Facies A 
and C. 
Trends in group 3 are facies of the Lower Three Forks. At top, the lower clay marker is 
similar to the upper clay marker. They both represent baffles. Some zones with possible 
reservoir quality are present, and also speed zones. 
6. Well No 3. Miller 34X-9 
Miller well is located in SWSE Sec. 9-T145N-R90W in Mercer County.  This well cored 
the Bakken and Three Fork Formations. The Three Forks Formation core includes the Upper 
Three Forks and part of Middle Three Forks. In total, 71 ft was recovered. This well was initially 
planned for Middle Bakken, but after mechanical problems it was finally drilled targeting Three 
Forks Formation. Both formations showed no positive results and the well was declared dry and 
was plugged and abandoned. 
The SML plot for this well shows flat behaviors, meaning this baffles for the entire cored 
section with no reservoir potential (Figure 4.10). Several factors could influence reservoir 
properties. This will be discussed in chapter 5. 
 




4.3 Porosity and Permeability Relationships Based on Core Data 
Routine core data are essential in determining petrophysical properties and calibrating 
and using wireline logs. Core data also were used to determine relationships between the main 
Upper Three Forks reservoir facies and Middle and Lower Three Forks potential reservoir 
facies. Core data were used to determine which Three Forks intervals have the best and 
poorest reservoir qualities.  
4.3.1 Key Concepts: 
Porosity is the volume of the non-solid portion of the rock filled with fluids, divided by the 
total volume of the rock. Permeability refers to the ease with which fluids flow through any 
substance. It is not sufficient to have oil or gas in a formation. Hydrocarbons must be able to 
flow from the reservoir into the well bore in order to be recovered at the surface. 
4.3.2 Methods: 
In order to determine the relationships between Upper, Middle, and Lower Three Forks, 
several plots were made. Data from the SMLP were used for integration and comparison.  
 
4.3.3 Porosity and Permeability Relationships and Results: 
1.  Well No 1. Trigger 1-31H 
Core analysis for Trigger well shows porosity values that range from 1% to 12% and a 
wide range of permeability from 0.0001 to 1 md (Figure 4.11).  
 
Figure 4.11. Porosity-permeability plot for the Trigger 1-31H well. Data are from core analysis. 
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The best porosity and permeability is in Facies A. This is confirmed by the SML plot 
where it is possible to observe baffles and intervals with reservoir quality potential. Facies B 
only has one sample and it is not representative. Facies C has poor reservoir properties with 
porosity about 4% and permeability ranging from 0.001 md to 0.01 md.  
The upper claystone marker, at the top of Middle Three Forks, has two samples with 
high permeability. This explains the SML plot and the designation of this interval as a speed 
zone. The permeability values may be optimistic based on fracturing.  
 
2. Well No 2. Charlotte 1-22H 
Core analysis for Charlotte well shows porosity values that range from 0.4% to 14% and 
a wide range of permeabilities that range from 0.0001 to 20 md. The Charlotte well cored the 
entire Three Forks Formation, and the plot was made to evaluate reservoir quality in the Upper 
Three Forks and compare it to the Middle and Lower Three Forks (Figure 4.12). 
 
Figure 4.12. Porosity-permeability plot for the Charlotte 1-22 H well. Data are from core 
analysis. 
From core data, good reservoir quality is present in the Upper Three Forks. The 
porosity-permeability distribution is divided into two regions. The region with lower reservoir 
quality corresponds to interbedded and interlaminated dolomite-mudstone. Porosity ranges from 
3% to 8% and permeability ranges from 0.001 md to 0.1 md. The second group exhibits better 
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porosity and permeability associated with silty dolomite beds and laminations. Porosity ranges 
from 8% to 12%, and permeability above 0.1 md. The SML plot confirms good reservoir in this 
interval.  
For the Middle Three Forks, the porosity-permeability plot shows porosity values ranging 
from 2% to 8%, and permeability ranging from 0.001 md to 0.1 md. Permeability is lower in the 
Middle Three Forks in terms of reservoir quality with respect to Upper Three Forks. The 
difference in permeability is about one order of magnitude for permeability. According to the 
core analysis report, high permeability in the upper clay marker is from fractured or unsuitable 
samples.  
Lower Three Forks exhibits a scatter in data. The SML plot agrees with this scatter 
showing baffles, speed zones, and reservoir potential. Data scatter results from variations in 
depositional environments conditions and subsequent diagenesis and weathering processes 
that took place during the deposition of this interval.  
 
3. Well No 3. Sakakawea Federal  13X-35 
Core analysis for Sakakawea well shows porosity values that range from 0.2% to 12%, 
and a wide range of permeability from 0.0001 to 1 md. This plot was created to compare the 
reservoir quality of the Upper Three Forks to the Middle Three Forks. 
From the porosity-permeability plot, good reservoir is present in the Upper Three Forks. 
The population distribution is divided into two regions. One region with lower reservoir quality, 
that could represent the interbedded clay rich layers with a porosity range from 3% to 8%, and 
permeability ranges from 0.001 md to 0.1 md.  Facies B and C are clay-rich in this well and fall 
into this region. This explains the diminishing reservoir quality. The second group exhibits better 
porosity and higher permeability. In this interval, interbedded silty dolomite laminations have 
porosity that ranges from 4% to 12%, and permeability that ranges from 0.1 md to 1 md (Figure 
4.13). The SML plot shows good reservoir quality in this interval.  
For the Middle Three Forks, porosity ranges from 2% to 8%, and permeability ranges 
from 0.001 md to 0.01 md. Some of the points on the plot are located in areas where 
permeability is greater than 0.1 md. This is corresponds to speed zones on the SML plot. Also, 
there are samples with porosity similar to the Upper Three Forks, but with permeability of 0.001 




Figure 4.13. Porosity-permeability plot for the Sakakawea 13X-35 well. Data were taken from 
core analysis. 
 
4. Well No 4. Braaflat 11-11H 
Core analysis for Braaflat well shows porosity values that range from 4% to 12% and a 
permeability range of 0.001 to 10 md (Figure 4.14).  
 
Figure 4.14. Porosity- permeability plot for the Braaflat 11-11H well. Data were taken from core 
analysis. 
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All the Upper Three Forks facies exhibit similar ranges in porosity and permeability. The 
SML plot shows alternating baffles and intervals with reservoir potential. Facies A can be 
divided into lower permeability, thinly laminated intervals, and thickly bedded intervals with silty 
dolomites are more common than clay layers.  
Facies B and C exhibit a wide range in permeability with permeability ranging from 0.001 
md to 10 md.  
At the top of Middle Three Forks, the upper clay marker has two different responses in 
the SML plot. The interval is a speed zone and also a baffle. This can be explained by 
examining the porosity-permeability plot. Two groups are present. One interval has higher 
permeability associated with speed zones, and the other has lower permeability associated with 
baffles. 
5. Well No 5. Liberty 2-11H 
Core analysis for Liberty well shows porosity values that range from 0.7% to 12%, and a 
wide range of permeability from 0.00009 to 20 md (Figure 4.15).  
 




The Liberty well cored the entire Three Forks Formation and the plot was created to 
compare reservoir quality between the Upper Three Forks and Middle and Lower Three Forks. 
In the Upper three forks, porosity ranges from 4% to 10%, and permeability ranges from 
0.001 md to 2 md. Data distribution was divided into two regions. The region with low reservoir 
quality is the interbedded clay-rich beds and laminations. Porosity ranges from 4% - to 10%, 
and permeability below 0.01 md. The second group exhibits the same range of porosity values, 
but higher permeability values that could represent the interbedded dolomitic silty layers and 
clean silty dolomites. The porosity values ranges from 4% to 10%, and permeability from 0.01 to 
2 md.  
6. Well No 3. Miller 34X-9 
Core analysis for Miller well has porosity that ranges from 1% to 9%, and permeability 
that ranges from 0.001 to 0.1 md (Figure 4.16). Porosity and permeability are approximately the 
same for the Upper and Middle Three Forks. The SML plot has flat slopes that confirm the low 
reservoir quality. Several factors affect reservoir quality and these will be described in a later 
chapter. 
 
Figure 4.16. Porosity-permeability plot for the Liberty 2-11H well. Data were taken from core 
analysis. 
 
The relationships between porosity and permeability in the study wells are summarized 
in Figure 4.17. If a value of 0.1 md is a cutoff, then differences between the wells are observed.  
1. All the wells exhibit values higher than 0.1 md except Miller well. 
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2. In wells other than the Miller, intervals with permeability less than 0.1 md have 
reservoir potential. This implies that additional factors besides intrinsic reservoir 
properties (porosity and permeability) are influencing reservoir potential. 
3. In general, clay markers present have permeability less than 0.01 md. In the Miller 
core, more than half of the samples fall within this value. 
4. The Miller well is the easternmost well in this research. From isopach maps, the 
Lower Bakken Shale is thin in this area. (Appendix 3). Also, according to maturity 
maps, this well is located near the onset of Lower Bakken Shale maturity. This could 
explain why the Middle Bakken and Upper Three Forks were not productive in this 
area. (Chapter 5.4). 
 
 
Figure 4.17. Porosity-permeability relationships for wells with Three Forks production and for the 
Miller test, a Middle Bakken and Three Forks dry hole.  
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4.4 Oil (So)/Water (Sw) Saturation Relationships Based on Core Data. 
Similar to porosity and permeability plots, oil and water saturation plots were constructed 
from core data. This step was taken with the purpose of determining reservoir quality of the 
Upper Three Forks and comparing results with the Middle and Lower Three Forks. Five of the 
six wells used in this chapter were plotted. The Miller dry hole was not used. 
4.4.1 Oil (So)-Water (Sw) Saturation Relationships: 
1.  Well No 1. Trigger 1-31H 
The Trigger well was cored in the Upper Three Forks and part of the upper clay marker. 
The oil-water saturation plot shows oil saturations in the total Upper Three Forks interval. 
Saturations average about 40% (Figure 4.18). The upper clay marker is a barrier in the area. As 
soon as that interval is reached the oil saturation drops. In the SML plot shows that this interval 
is a speed zone, but is worth noting that samples were reported as fractured making the results 
optimistic. The porosity-permeability plot shows two well defined groups with good and poor 
reservoir quality. 
 




2.  Well No 2. Charlotte 1-22H 
The Charlotte well cored the entire Three Forks Formation. The oil-water saturation plot 
shows good oil saturations for the entire Upper Three Forks interval, with an average of about 
30% (Figure 4.19). Like the Trigger well, the upper clay marker performs as a baffle. Below the 
clay marker, oil saturations drop for the Middle and Lower Three Forks. Some intervals in 
Middle Three Forks and at the base of Lower Three Forks show an increment in oil saturations. 
These increments are represented on the SML plot, where some slopes roughly near to 450 
degrees are present in Middle and Lower Three Forks intervals.  
 
 
Figure 4.19. Fluid saturation profile for the Charlotte 1-22H well. Data were obtained from core 
analysis. 
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3.  Well No 3 Sakakawea 13X-35R 
The Sakakawea well cored the Upper Three Forks and part of the Middle Three Forks. 
The oil-water saturation plot shows oil saturations for the both intervals, with an average of 35% 
(Figure 4.20). The upper clay marker does not have a big impact on the communication of fluids 
from the Upper part of Three Forks to the Middle Three Forks. The basal samples for the plot 
have a decrease in oil saturation. The poor porosity-permeability plot and the flat angle of the 
SML plot both reflect low reservoir potential for the basal interval.  
For the wells in this study, the Sakakawea well has the best Three Forks production.  
Both Three Forks intervals are oil saturated in this well. This differs from other wells where the 
upper clay marker acts as a baffle or barrier and impeding oil migration from the Upper Three 
Forks into the Middle and Lower intervals. This will be discussed in Chapter 5. 
 
Figure 4.20. Fluid saturation profile for the Sakakawea 13X-35R well. Data were obtained from 
core analysis. 
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4.  Well No 4. Braaflat 11-11H 
The Braaflat well cored the Upper Three Forks part of the Middle Three Forks. The oil-
water saturation plot shows oil saturations for the cored interval averaging about 30% (Figure 
4.21). Alternating oil saturated intervals and high water saturated intervals reflect interbedded 
silty dolomites and claystones, typical of Facies A. At the base of the Upper Three Forks, Facies 
B and C have increased oil saturations.  








5.  Well No 3 Liberty 2-11H 
The Liberty well cored the entire Three Forks Formation. The oil-water saturation plot 
shows oil saturations for the Upper Three Forks of approximately 30% (Figure 4.22). As 
observed in the Braaflat well, the upper clay marker is a baffle. Below the marker, oil saturations 
drop in the Middle Three Forks. There is an incremental increase in oil saturations near the 
base of the Lower Three Forks.  
 
Figure 4.22. Fluid saturation profile for the Liberty 2-11H well. Data were obtained from core 
analysis. 
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4.5 Summary and Conclusion of Core Data Analysis. 
1. Well No 1. Trigger 1-31H 
The SML plot shows reservoir potential mainly for Facies A. Facies B had only one 
sample. Because of clay content, Facies C has poorer reservoir potential compared with Facies 
A. The porosity and permeability plot shows an order of magnitude difference between Facies A 
and Facies C. This corresponds to SML methodology.   
Figure 4.23 show the summary of the three methods of evaluation for this well. 
 






2. Well No 2. Charlotte 1-22H 
The SML plot shows potential for some intervals in the Upper Three Forks as well in the 
Lower Three Forks. The responses in those intervals are angles near 450 degrees, indicating 
good reservoir potential. The Middle Three Forks SML plot indicates and increase in clay 
content. 
For the porosity-permeability plots, the response is similar. Several intervals in the Upper 
and Lower Three Forks have permeabilities that are an order of magnitude greater than the 
Middle Three Forks. As mentioned previously the irreducible oil saturations are localized in the 
upper part of Three Forks, meaning this the good quality for storage in this facies.  
 Figure 4.24 summarizes the three methods of evaluation for this well. 
 




3. Well No 3 Sakakawea 13X-35R 
The Sakakawea well has reservoir potential in the Upper part of Three Forks. The upper 
clay marker does not act as a baffle or barrier for hydrocarbons migration from Upper Three 
Forks. Additional parameters besides reservoir properties itself are acting in the higher 
saturations in this well in comparison with other wells located in other parts of the basin. This is 
discussed in Chapter 5.  
Figure 4.25 summarizes the three methods of evaluation for this well. 
 
Figure 4.25. Summary of the three methods used in this research for Sakakawea well. 
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4. Well No 4. Braaflat 11-11H 
The porosity-permeability plot shows clay layers in Facies A and Facies C.  Permeability 
is generally lower than 0.01 md. Variations in oil saturation are associated with mud-rich 
laminations and interbedded dolomitic layers throughout the Upper Three Forks. 
In this well, the negative effect of the upper clay marker in the oil migration from the 
upper part to the Middle Three Forks it is evident. Figure 4.26 summarizes the three methods 
used in this research. 
 








5. Well No 5 Liberty 2-11H 
The three evaluations methods are in general agreement for zones with the best 
reservoir potential. According to the SML and porosity-permeability plots, the best intervals are 
located in the Upper Three Forks Formation, although some other intervals in Middle and Lower 
Three Forks have potential.  
The oil saturation plot shows higher saturations in Upper Three Forks compared to the 
Middle Three Forks. The base of Lower Three Forks has anomalous oil shows.  Figure 4.27 
summarizes the three methods used for this well. 
 
 




4.6 Reservoir Quality and Facies Relationships Conclusions 
 The analysis conducted on 14 well shows good reservoir properties present in three 
facies in the Upper Three Forks, Facies A, B, and C. 
 SML plot methodology is effective in demonstrating baffles, speed zones, and reservoir 
potential intervals. 
 SML plot methodology is dependent on good quality samples. Fractured samples from 
core plugging produce optimistic results. An example is the upper clay interval. It is 
commonly is a local baffle or barrier, but in some of the SML plots, there are steep 
slopes for this interval indicating speed zones. The cause of this behavior is the quality 
of the samples (fractured in multiple pieces contributing to optimistic permeability 
lectures). 
 In general, porosity values are similar for the entire Three Forks Formation. Permeability 
is the critical parameter for oil production. 
 For wells used in this study, permeability decreases toward basin margins. 
 In the Miller well, the dry hole used for comparison, permeability is less than 0.1 md. 
Producing wells have core permeability above this value.  
 There is good correlation between the three types of evaluation methods used in this 
study. The SML plot is accurate in demonstrating the intervals with good reservoir 





FACTORS INFLUENCING RESERVOIR QUALITY AND ENTRAPMENT MECHANISMS 
5.1 Introduction 
In efforts to define controls on porosity and permeability, diagenetic processes have 
been widely examined. Dolomitization is the main diagenetic feature affecting the Three Forks 
Formation. Dolomitization can enhance or reduce reservoir quality, depending on the time and 
type of dolomitization processes (Mazullo, 1992). 
Although a detailed look at the diagenetic processes was not addressed in this research, 
the understanding of the diagenetic processes on large scale, the variability within the reservoir 
and the influence on reservoir quality is crucial in the determination of reservoir performance.  
5.2 Diagenetic Processes:  
Diagenetic processes in the Three Forks Formation include dolomitization, anhydrite 
precipitation, cementation and oxidation processes. These will be addressed in this chapter 
focused mainly on the impact in reservoir quality. Those processes together can complicate the 
determination and characterization of reservoir quality. 
 In the Three Forks Formation, dolomitization is extensive to the entire formation. 
Anhydrite is present in the lower part of the Three Forks Formation. Calcite cementation and 
oxidation processes are also present in certain parts of the formation. This is common in areas 
where the formation thins along the basin edge. 
5.2.1 Dolomitization 
Dolomitization is both penecontemporaneous and related to burial diagenesis.  These 
processes were discussed by Karasisnki (2006) and Berwick (2008). Berwick used thin sections 
and Karasinski employed isotopic analysis in his work. For this research, thin sections were 
examined for the Liberty 1-22H core (EOG). 
In Facies F, the dolomite crystals are euhedral to subhedral in shape. Crystals are 
polymodal averaging 25 microns but being as large as 50 microns. In this facie, crystal cores 
have dark interiors while the rims are clear and well defined. These crystals could have 
displaced the matrix or have grown in a non-mimic fashion without a precursor structure within 
the crystals. Anhydrite is present in this facies as a displacive mineral that is present as nodules 
and thin beds. Mudstone matrix comprises approximately 25% of this facies (Figure 5.1). 
For Facies E, dolomite crystals are euhedral to subhedral in shape, and with polymodal 
size distribution. Dolomite crystals exhibit dark cores that in some cases mimic replacement 
from the precursor laminated structure. The crystal sizes are less than 50 microns and on 
average are 25 microns. Iron oxides are relatively abundant in all samples, and commonly are 
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present in thin laminations or beds. Calcite cementation, dolomite cementation, and anhydrite 
are common. This facies is commonly fractured. Matrix comprises about 25% of the facies 
(Figure 5.2). 
In facies D2, dolomite crystals are euhedral to subhedral in shape, and size distribution is 
polymodal. Iron oxides, calcite cement, and some anhydrite are typical in this facies. Fracture 
porosity is present in this facies. Matrix comprises about 25% of the facies and is red brown in 
color (Figure 5.3).  
In facies D1, the dolomite crystals are mainly subhedral and unimodal in size with a non-
mimic replacement fabric. In this facies it is possible to observe dolomitized clasts in the matrix. 
Dolomite crystals in clasts are larger than in the matrix. The presence of clay is high in this 
facies averaging 28%. Silt grains and authigenic pyrite are also present (Figure 5.4). 
Dolomite crystals in Facies C1  are subhedral. The facies is brecciated and dolomite 
clasts that are encased in the matrix have larger size crystals that are subhedral in shape and 
with cloudy cores (Figure 5.5).  
For facies A1, dolomite crystals are subhedral to euhedral in shape. Size distribution is 
unimodal, and the presence of mimic replacement laminated structure is characteristic. Matrix in 
this facies is about 20% (Figure 5.6).  
In facies C2, dolomite crystals are subhedral. The texture is brecciated and the clasts 
that are encased in matrix have larger dolomite crystals that are subhedral to euhedral in shape 
and have cloudy cores. Matrix content in this facies is low, about 10% or less (Figure 5.7). 
For facies B, dolomite crystals are subhedral. The fabric is nonmimic, with larger crystals 
sizes of approximately 50 microns. Slight crystal zonation is present, and cloudy cores are 
present which is typical of replacement dolomite. Intercrystalline, moldic, vuggy, and fracture 
porosity are present. Matrix content in this facies is very low, about 5% or less (Figure 5.8). 
In Facies A2, dolomite crystals are subhedral in shape, crystal size distribution is 
unimodal. Like Facies B, dolomite crystals are larger in size than crystals in other facies (around 
50 microns). There is slight crystal zonation and cloudy crystal cores are common. Matrix in this 




 Figure 5.1. Diagenetic imprint for Facies F in the Lower Three Forks. Top: Profile of the depositional environment proposed for the 
Facies F of Lower Three Forks. Bottom: Petrographic thin section and core photo for reference.  Facies F is characterized by 
euhedral to subhedral very fine-crystalline dolomite. Some crystal exhibit oxides core replacement. Facies F is also has matrix and 
anhydrite present. Right: Gamma Ray log signature and facies association for the Lower Three Forks. 
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Figure 5.2. Diagenetic imprint for Facies E in Lower Three Forks. Top: Profile of the depositional environment proposed for Facies E 
of Lower Three Forks. Bottom: Petrographic thin section and core photo for reference.  Facies E is characterized by the presence of 
euhedral to subhedral very fine-crystalline dolomite. Most of the crystal exhibit oxides core replacement. Facies E also has matrix 




Figure 5.3. Diagenetic imprint for Facies D2 in Lower Three Forks. Top: Profile of the depositional environment proposed for Facies 
D2 in the Lower Three Forks. Bottom: Petrographic thin section and core photo for reference.  Facies D2 is characterized by the 
presence of euhedral to subhedral very fine-crystalline dolomite. Some of the crystal exhibit oxides core replacement. Facies D2 is 
also characterized by oxidation halos, anhydrite, and mudstone matrix. Right: Gamma Ray log signature and facies association for 
the Lower Three Forks. 
112 
 
Figure 5.4. Diagenetic imprint for Facies C1 in Middle Three Forks. Top: Profile of the depositional environment proposed for the 
Facies C1 in the Middle Three Forks. Bottom: Petrographic thin section and core photo for reference.  Facies C1 is characterized by 
very fine-crystalline dolomite and breccia. Facies C1 has abundant matrix, and breccia are matrix supported. Right: Gamma Ray log 
signature and facies association for the Middle Three Forks. 
113 
 
Figure 5.5. Diagenetic imprint for Facies A1 in Middle Three Forks. Top: Profile of the depositional environment proposed for the 
Facies A1 in the Middle Three Forks. Bottom: Petrographic thin section and core photo for reference.  Facies A1 is characterized by 
mimic replacement and laminated structure. Dolomite crystals are very fine-crystalline and subhedral in shape. The matrix content in 




Figure 5.6. Diagenetic imprint for Facies D1 in Middle Three Forks. Top: Profile of the depositional environment proposed for the 
Facies D1 in the Middle Three Forks. Bottom: Petrographic thin section and core photo for reference.  Facies D1 is characterized by 
very fine-crystalline dolomite. The facies has abundant matrix and dolomitic clasts are common. Right: Gamma Ray log signature 




Figure 5.7. Diagenetic imprint for Facies C2 in Upper Three Forks. Top: Profile of the depositional environment proposed for the 
Facies C2 in the Upper Three Forks. Bottom: Petrographic thin section and core photo for reference.  Facies C2 is characterized by 
fine-crystalline dolomite and breccia. Facies C2 is also contains dolomitic siltstone clasts and the facies has low clay content 
compared with Facies C2. Right: Gamma Ray log signature and facies association for the Upper Three Forks. 
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Figure 5.8. Diagenetic imprint for Facies B in Upper Three Forks. Top: Profile of the depositional environment proposed for Facies B 
in the Upper Three Forks. Bottom: Petrographic thin section and core photo for reference.  Facies B is characterized by subhedral 
crystals with crystal size of 50 microns. Cloudy crystal cores are common, and clay is sparse. Right: Gamma Ray log signature and 
facies association for the Upper Three Forks. 
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Figure 5.9. Diagenetic imprint for Facies A2 in Upper Three Forks. Top: Profile of the depositional environment proposed for the 
Facies A2 in the Upper Three Forks. Bottom: Petrographic thin section and core photo for reference.  Facies A2 is characterized by 
euhedral crystals of about 50 microns. Crystals have cloudy cores and low clay content. Right: Gamma Ray log signature and facies 
association for the Upper Three Forks. 
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5.2.2 Anhydrite Precipitation 
Anhydrite is a common mineral in the lower Three Forks Formation. Anhydrite is 
associated with supratidal environments, especially at the base of the section (Lower Three 
Forks), reflecting the depositional conditions. In this research, the anhydrite mineral presents 
two main textures: as nodules and laminated (thinly bedded). 
Figure 5.10 summarizes the two habitats for anhydrite in the lower Three Forks 
Formation. 
 
Figure 5.10. Summary of the anhydrite textures for the Three Forks Formation. Left: Core and 
thin section exhibit nodular appearance. Right: Core and thin section exhibit laminated texture. 




Another diagenetic process present especially in the Lower Three Forks is the presence 
of calcite cement. This cement occluded porosity and decreased permeability (Figure 5.11).  
Anhydrite is also a pore filling cement.  It has a patchy occlusion texture (Figure 5.12). 
 
Figure 5.11. Petrographic thin section stained with Alizarin red for calcite identification. Upper 
left petrographic thin section exhibits dolomitic interval with calcite cementation. Lower right 
details the calcite cementation. Upper left: 20X plane light. Lower right: 40X plane light. 
 
 
Figure 5.12 Anhydrite cement has patchy distribution and clogs intercrystalline. 10X polarized 
light. 
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5.2.4 Oxidation  
Iron oxidation is localized in the Lower and Middle Three Forks.  It can be also present in 
the Upper portion of Three Forks, although it is uncommon. Hematite cement locally occluded 




Figure 5.13 Examples of iron oxidation and cement in the Three Forks Formation. At left, 
examples of cement, and at right oxidized stringers.  
 
5.2.5 Discussion 
 Understanding diagenetic processes is important in defining and predicting reservoir 
quality. Dolomitization is the main diagenetic component in the Three Forks. With limited 
petrographic and core data from EOG Liberty 1-22H, the nature and possible mechanisms of 
dolomitization are proposed for the Three Forks Formation. These interpretations are also 
based on documented research and analysis by other authors that have focused on similar 
depositional environments.  
Dolomitization in epeiric shallow seas is frequently associated with anhydrite precipitation, as 
documented by Rahimpour-Bonab et al. (2010). In terms of reservoir quality, anhydrite 
precipitation has a negative effect on reservoir properties. This hypothesis has been analyzed 
by several authors including Lucia (1999) who proposed that the reservoir quality decreases 
depending on the textural nature of the anhydrites. In the case of the Three Forks Formation, 
the dolomitization processes can be explained within two diagenetic environments, based on 
the dolomite characteristics in each of the facies.  
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For the basal part of the Three Forks Formation, dolomitization processes are closely 
related with the depositional environments. As mentioned before, Facies F and Facies E were 
deposited in evaporitic sabkha environments where hypersaline and dry conditions were 
dominant. Concentrated restricted marine waters can induce dolomitization, anhydrite 
precipitation, dolomite, calcite, and anhydrite cementation, as well as oxidation (Lucia and 
Major,1994). 
In the evaporitic sabkha, hypersaline conditions could promote the precipitation of 
calcium sulfate and dolomitization. Under these conditions, the fine-grained precursor carbonate 
sediments offer many potential nucleation sites, and are replaced by fine-crystalline dolomite.  
Fabric preservation is better under these conditions than in sediments with coarser grain sizes 
(Scholle and Ulmer-Scholle, 2003). 
The model that explains the type of dolomite textures and dolomitization processes in 
this portion of the basin is marginal marine sabkha deposition (Moore, 1989). This model is 
based on observations in modern sabkhas, where there is a close association of dolomite and 
nodular anhydrite. In these modern environments, the Mg:Ca ratio increases, produced by 
saturation and precipitation of calcium sulfate. The resulting brines induce dolomitization as well 
as dolomite cement and anhydrite precipitation (Lucia and Major, 1994). As a result, aragonitic 
sabkha muds are replaced by dolomite or dolomite precipitates between sediment interstices. 
Anhydrite tends to precipitate as nodules. According to Moore (1989), it is typical in sabkha 
areas that dolomite percentages are between 20%– 40%. This corresponds with the thin 
sections XRD data. In general, dolomite content is approximately 50%. Characteristic of this 
process is the anhydrite precipitation in the zone just below the sabkha surface, occurring as 
bedded and nodular fabric (Warren, 2006). 
Calcite cementation can occur by meteoric diagenesis, during periods of subaerial 
exposure, and as a result of sea level fall. Under these conditions, calcite is more unstable than 
dolomite. Meteoric fluids become supersaturated with respect to calcite because of carbonate 
grain and matrix dissolution. The carbonate cement precipitates between the dolomite crystals 
(Moore, 1989).  
Oxidation in the Lower and Middle portions of the Three Forks can be attributed to 
subaerial exposure events that result in the dissolution and oxidation of unstable dolomites. In 
experiments carried out by Al-Hashimp (1972), the author indicates that under subaerial 
conditions, the gray color in fresh dolostones becomes yellowish to tan-brown in a short period 
of time (4 months in the experiment).  This work is a clear indication of oxidation of ferrous iron 
in the exposed dolomitic rocks. Oxidation for dolomites was caused by sea water and water with 
122 
low pH (fresh water influx). Ground waters in the meteoric zone influence diagenesis and affect 
reservoir quality. 
For the Upper part of the Three Forks, the main diagenetic process is dolomitization. 
Contrary to the Lower and Middle Three Forks, there is no evidence of anhydrite, calcite 
cementation, or oxidation processes. This can be explained by a change in diagenesis and 
depositional conditions. In this part of the depositional basin, brines can be recharged by 
seawater flowing through the shallow surface. As storm and tidal surges abate, water may 
become evaporitic due to restriction associated with the low angle of the platform. This process 
generates dense dolomitizing brines that infiltrate sediments pushing fluids (by gravity) down the 
platform. Dolomitization is associated with evaporitic marine waters and the precipitation of 
gypsum and aragonite. The higher density of these fluids makes this an effective mechanism to 
deliver magnesium to the system and dolomitize sediments.  
According to Moore (1989), basin restriction is an effective instrument for large-scale 
platform dolomitization because of the large quantities of brines and corresponding high Mg/Ca 
ratios. Gravity-driven reflux of those brines can result in extensive dolomitization. 
In terms of reservoir quality, diagenetic processes in the Lower part of the Three Forks 
are cementation and oxidation. Dolomite intervals with low anhydrite content have better 
porosity and permeability. Nodular anhydrite has minor effects on reservoir quality. Anhydrite 
nodules lack lateral continuity and do not create an effective barrier. In intervals with laminated 
anhydrite, porosity and permeability are poor because anhydrite laminations form local baffles.  
Anhydrite and calcite cements, where present, have a negative effect on porosity and 
permeability because they occlude pore space and affect storage and flow capacity. Similarly, 
hematite associated with oxidation can occlude porosity and significantly reduce permeability. 
The Middle Three Forks is a transitional system where anhydrite, calcite cementation, 
and oxidation processes could exist in evaporitic sabkha environments. Seaward, those 
diagenetic components are rare. This improves the reservoir quality. 
Porosity and permeability are best in the Upper Three Forks Formation. Diagenetic 
processes are mainly dolomitization with rare to no calcite, anhydrite, or hematite cementation.  
In this interval, pervasive dolomitization improves reservoir quality. Dolomite crystals are larger 
and the rock has low clay content. This condition is associated with the higher energy 
environments along the platform. 
Figure 5.14 summarizes the porosity and permeability relationships in the Liberty 1-22H. 




Figure 5.14. Example of the impact caused by diagenetic features in reservoir quality for the 
Three Forks Formation in the EOG Liberty 1-22H well. Samples in green correspond to Lower 
Three Forks samples. Squares in red correspond to Middle Three Forks samples, and  Upper 
Three Forks samples are in blue. Samples located at the top of the figure, correspond to 
intervals pervasively dolomitized with rare to no anhydrite, calcite, or oxidation. 
 
Figure 5.15 summarizes the components that impact reservoir quality, including the 
depositional environments and facies variations associated with depositional energy, grain size, 
and lithology. Diagenetic processes are also displayed, and at the base a summary of reservoir 
parameters like porosity and permeability that define reservoir potential. 
5.3 Mineralogical Composition: 
The influence on reservoir quality using mineralogy was also analyzed. These data are 
from Chevron. Petrophysical work performed during the summer of 2012, included defining 
mineralogical compositions using the MULTIMIN tool in Geolog.  The results were calibrated 
with the available XRD data in order to obtain an accurate and comparable measurement with 
the core data. Twenty (20) wells were used in the analysis for the Bakken and the Three Forks 
Formation. For purposes of this research, only the results for Upper Three Forks are displayed. 
The methodology for this analysis consists of a series of plots to compare mineralogical 
composition to cumulative production in each well. 
124 
 





Four wells were chosen to exemplify the results of the methodology. Figure 5.16 shows 
the well locations in the basin. 
 
Figure 5.16 Map showing the wells used for mineralogical analysis. 
 
When cumulative production is plotted against different mineralogical composition, some 
trends become apparent and correlate with data discussed in previous. 
5.3.1 Mineralogical Composition Results: 
Four minerals with the highest percentages in total volume were analyzed to evaluate 
their impact on reservoir quality. Those minerals are dolomite, calcite, illite, and quartz. 
In the case of quartz and calcite, as seen in Figure 5.17, there is not a direct relationship 
between wells with higher and low production rates, including the Miller dry hole.  
The quartz plot shows that the dry hole and the best producer almost have the same 
percentages. The influence of this mineral is negligible.  
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The illite plot is similar to quartz. There is a marked response, but not a clear difference 
between the best producer and poorest producer. Taking into account the response, it can be 
assumed that iIllite is not a determinant mineral influencing or affecting reservoir quality and 
production. 
In the case of dolomite and calcite, differences are better defined. In the case of calcite 
wells with better production in the Upper part of Three Forks, have no calcite. In wells with low 
production rates and the dry hole, calcite is present. Calcite cementation affects reservoir 
quality. In the case of the dry well, (Miller 34x-9), this well is located at the margins of the basin 
where subaerial exposure could influence reservoir quality in a high proportion. 
In the case of dolomite, the plot at the bottom right, there is a difference between the 
best producer and the dry hole. The dry hole has the lowest dolomite percentage.  Dolomite in 
this case for its brittle character could generate better intercrystalline porosity, and the absence 
of cements like calcite generates better reservoirs with better storage capacity. 
In conclusion, mineralogical aspects are important controls on reservoir formation in the 
Upper Three Forks Formation. In a complex reservoir like the Three Forks Formation, the 
combination of different evaluation techniques is the best way to approach reservoir quality 
description. 
5.4 Thermal Maturity 
One of the most important aspects of the Bakken-Three Forks petroleum system is the 
generation and entrapment of hydrocarbons. The Bakken shale source rocks and Middle 
Bakken reservoirs have been extensively investigated and used as an analogue for other basins 
around the world. Thermal maturity is one of the most important factors controlling hydrocarbon 
generation and associated overpressures. Pervasive hydrocarbon saturations and low 
permeability have created an unconventional continuous petroleum system. In areas where it is 
thermally mature, the Bakken Formation is an overpressured petroleum system with effective 
natural fractures and porosity that are capable of high rates of hydrocarbon production. 
Overpressures in sedimentary basins are assumed to be the result of two distinct and separate 
mechanisms: disequilibrium compaction and fluid expansion.  
Kerogen maturation is responsible for the generation of mobile fluids, and the creation of 
porosity that is not in equilibrium under normal overburden conditions. This results in abnormal 
pressures in the system. In other words, when precise time and depths are reached for thermal 
maturation, the kerogen starts the hydrocarbon generation.  
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Figure 5.17. Quartz and Illite mineralogical composition for the Upper Three Forks compared to cumulative production. 
Gamma ray curve to the left and mineralogical composition to the right are displayed. The cumulative production and. mineral 





Figure 5.18. Mineralogical composition (calcite and dolomite) for the Upper Three Forks compared to cumulative production. 
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In the generation stage, some of the solid kerogen phase is converted into a liquid 
phase. If the system has low permeability, there are limited possibilities of migration. In this 
condition, abnormal pressures are generated by the creation of additional pore volume. 
These pressures will be transferred to the liquid phase, and if this liquid cannot escape, 
there is an increase in the pore pressure. At this new point, when the pore pressure reaches the 
fracture pressure point, fractures are generated and the overpressure starts to release. In the 
case of thermally mature Bakken, hydrocarbon generation is continuous, and overpressures 
and oil charge are uninterrupted (Figure 5.19). Examples of other continuous plays with similar 
overpressure conditions are the Eagle Ford (USA), Vaca Muerta Formation (Argentina), and 
Sargelu Formation (Middle East).  
 
 
Figure 5.19. Schematic representation of Bakken kerogen transformation and hydrocarbon 
generation. Overpressure and changes in pore volume are responsible for fractures and 
conduits for hydrocarbon charge in the Three Forks Formation. 
 
For the Three Forks Formation, production is influenced by thermal maturity of the Lower 
Bakken Shale. The up-dip margin of the petroleum system ties directly to thermal maturity of the 
Bakken Formation.  
Figure 5.20 is a combination of two maps. The first one is the oil-water ratio map of the 
Three Forks Formation. This map was constructed based on cumulative production data from 
the North Dakota Geological Survey website. Superimposed are the Tmax curves for the Lower 
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Bakken Shale, provided by Jin (2013, personal communication). The cut-off values were 
obtained from Theloy (2013, personal communication).  
As shown on the map, the higher oil-water ratio corresponds with the curve that 
indicates the peak oil generation (around 435 degrees).   
Three Forks production is influenced by the technology improvements in hydraulic 
fracture stimulation techniques but, the geological factors discussed in this research play an 
important role in defining reservoir quality.  
 
Figure 5.20. Combined oil-water ratio and Tmax map. Production in the Three Forks Formation 
corresponds to thermal maturity of Lower Bakken Shale. The Tmax curves in this map are from 
the Lower Bakken Shale. 
 
5.5 Summary Factor Affecting Reservoir Quality 
Previously in chapter 4, it was mentioned that the results for the SML methodology were 
influenced by other kind of conditions besides the intrinsic physical properties themselves 
(porosity and permeability). These properties were influenced by depositional environments and 
facies distribution on the platform. Additional factors described in this chapter also impacted the 
reservoir quality. 
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In the case of the dry hole, (Miller 34X-9), all parameters indicate that reservoir quality is 
absent. The following summarizes these parameters.  
The following is a summary of the factors affecting the absence of reservoir quality in the 
Miller well: 
 The Miller 34X-9 well is the furthest southeastern well examined in this study. in 
this case several conditions are conjugated into this well. Diagenetic processes 
could be acting in a higher rate in comparison with wells located in the central 
part of the basin. Processes like cementation (calcite), oxidation and 
recrystallization processes could be influencing reservoir quality in a negative 
way. 
 According to the Tmax map (Figure 5.15), the Miller 34X-9 well is out of the peak oil 
generation area. Also, the Lower Bakken Shale is thinner than wells located in the 
central part of the basin. 
 Overpressures generated by the pervasive hydrocarbon generation in the central 
part of the basin are absent at the basin margin.  
 The wells in the central portions of the basin have are favored by the depositional 
environment and facies distribution that were deposited in higher energy 
environments along the platform. 
 The diagenetic processes like cementation, oxidation, and anhydrite precipitation 
decrease basin ward, preserving original reservoir quality. 
 Additionally, overpressure generated by the Lower Bakken Shale causes 
hydrocarbons to migrate downward into the Three Forks Formation. This is 
supported in Figure 5.15 where the main area of production is clustered in the central 
part of the basin. The Tmax curves for the Lower Bakken Shale correlate to this area 
of peak oil generation. 
In summary, the prolific production in the Three Forks Formation is a combination of 
several factors. First is the proximity to a world class source rock. Second, the geochemistry of 
the source rock itself, specifically thermal maturity and organic content, coupled with depth and 
thickness. The high dolomite content of the Three Forks provides a brittle framework for 
hydraulic fracturing. Dolomite content also creates matrix porosity, especially in the Upper Three 
Forks. Finally, depositional environments imprint different characteristics on the facies and 




CONCLUSIONS AND RECOMMENDATIONS 
6.1 Conclusions 
The main objectives of this research were the identification and description of 
depositional environment for the Three Forks Formation, characterization of reservoir quality for 
the Upper Three Forks, comparison of Upper Three Forks reservoirs with potential reservoirs in 
the Middle and Lower Three Forks, and defining parameters that impact reservoir quality and 
entrapment mechanisms. 
Depositional Environment 
 For this research, The Three Forks is subdivided into upper, middle, and lower 
members. These members are subdivided at regional correlative clay and wireline log 
markers that separate the members. 
 The identification of facies in Three Forks Formation was accomplished by a 
combination of core examinations and petrographic thin sections observations. Six 
facies were identified for the total the Three Forks Formation. 
 The typical facies association for Lower Three Forks include massive to bedded 
dolomitic claystone and dolomitic mudstones, laminated and nodular anhydrite, calcite, 
dolomite, and anhydrite cementation, and oxidation. 
 The typical facies association for the Middle Three Forks includes mud-supported 
brecciated intervals and thickly bedded to thinly laminated dolomitic mudstones. 
 The typical facies association for Upper Three Forks consists of clast-supported 
breccia, massive, thinly laminated to thickly bedded siltstones with high dolomite and 
low clay content.  
 Deposition of Three Forks Formation took place in a flat, shallow platform under 
epeiric sea conditions in an intracratonic basin. 
 In the epeiric model, facies distribution and reservoir quality are totally influenced by 
especial hydraulic conditions. 
 The Three Forks Formation represents facies from evaporitic sabkha to distal platform. 
, characterized by very fine-grained facies (claystones to siltstones), that were 
deposited in different energy trends (belts). 
 The Lower Three Forks represents an evaporitic sabkha setting that imprinted 
distinctive features onto the facies, which are very different from Middle and Upper 
Three Forks. The Lower Three Forks depositional setting was dominated by the 
presence of evaporitic minerals. Exposure and weathering features represent 
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deposition in evaporitic mudflats with mosaics of salina and sabkha sediments. On the 
epeiric platform, The Lower Three Forks was deposited in a low energy zone in a 
landward position. This explains the lower reservoir quality. 
 The Middle Three Forks was deposited in proximal inner shelf environments, with 
facies mainly characterized by the presence of laminated and bedded intervals and 
mud-supported brecciated intervals. This interval is transitional in the depositional 
profile from sabkha to slightly deeper intertidal areas, with higher influence of storm 
and tidal processes. According to the epeiric platform model, this interval was 
deposited in a zone of low to medium energy. This explains the fine grain and crystal 
size in these facies, and better reservoir quality compared to the Lower Three Forks. 
 The Upper Three Forks was deposited from distal inner shelf to proximal mid shelf, 
where higher energies are dominant. This fact could explain the enhanced reservoir 
quality in this interval compared to the Middle and Lower Three Forks. 
 According to the epeiric model, the distal inner shelf to proximal mid-shelf are the 
zones where the rocks with the highest reservoir quality occur, far from shoreline 
areas. This fact differs from modern platforms, where the reservoir quality is 
associated with facies near the shoreline. 
 Deposition of the Three Forks is a “deepening upward” process from arid conditions in 
the lower part of Three Forks Formation to inner platform and intertidal environments 
at top. 
Reservoir Quality 
 Analyses were conducted on 14 well and these show the good reservoir properties in 
all the three facies of the Upper Three Forks. 
 SML plot methodology accurately defined baffles, speed zones, and reservoir potential 
intervals. 
 SML plot methodology is highly influenced by the quality of the samples. 
 Porosity-permeability plots show better reservoir quality of the Upper Three Forks 
compared with Middle and Lower Three Forks.  
 Oil saturation-water saturation plots exhibit higher oil saturations in the Upper Three 
Forks. 
 The upper clay marker, at the top of Middle Three Forks, is a basin-wide marker that is 
well defined on well logs. This marker according to the oil-water saturation plots is, in 
most areas, an effective baffle for hydrocarbons migration from the Upper Three Forks 
into the Middle and Lower Three Forks. 
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 In general the three techniques to evaluate reservoir quality used in this research, 
(SML, porosity-permeability and irreducible oil-water saturation crossplots) are in 
agreement, and exhibit accuracy in the definition of zones with high and low reservoir 
potential. 
Factors Influencing Reservoir Quality and Entrapment Mechanisms 
 Diagenetic processes like cementation, oxidation, and anhydrite have a negative 
effect on reservoir quality. 
 Diagenetic processes like dolomitization, especially for the Upper part of Three 
Forks, affect reservoir quality in a positive way, enhancing porosity and permeability. 
 Mineralogical aspects are one of the factors affecting reservoir quality. An increase in 
calcite content accounts for a decrease in reservoir quality, and an increase in 
dolomite content is associated with better reservoir quality and hence better 
production. 




 A high resolution stratigraphic analysis based on seismic information, core data 
analysis, and petrographic studies could enhance the understanding of the 
depositional environments for Three Forks Formation. 
 Microfacies definition is a critical tool in defining progradational or aggradational 
patterns. 
 Refining petrophysical models and integrating core data, petrographic thin 
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Appendix A.2. Core description Round Prairie 1-17H well. Page 1 of  3.  
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Appendix A.2. Core description Round Prairie 1-17H well. Page 3 of  3. 
147 
 































































Appendix B.2. SML Plot Braaflat 11-11H well.  
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Appendix B.14 SML Plot Sidonia 1-6H well.  
 
168 


































Appendix C.3. Lower Three Forks Structural Map. C.I. 200 ft. 
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Appendix C.4. Upper Three Forks Isopach Map. C.I. 5 ft. 
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Appendix C.9. Cross section N-S. 
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 Appendix C.10. Cross section W-E. 
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Appendix C.12. Cross section W-E. 
 
 
